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Introduction 


In  recent  years  it  has  become  clear  that  angiogenesis  plays  a  pivotal  role  in  tumor  progression 
and  metastases  formation  1 .  The  target  of  antiangiogenic  cancer  treatment  is  the  genetically 
normal  endothelial  cell.  Therefore,  the  development  of  resistance  to  angiostatic  therapy  is  very 
unlikely  and  has  not  been  reported  so  far  2.  If  a  cancer  exceeds  the  size  of  approximately  1-2 
mm3,  recruitment  of  new  blood  vessels  is  needed  (angiogenesis)  to  prevent  tumor  cell  apoptosis. 
Therefore,  continuous  overexpression  of  antiangiogenic  factors  by  gene  therapy,  for  instance, 
should  counteract  the  tumor-induced  angiogenesis.  We  thus  developped  an  antiangiogenic  gene 
transfer  approach  to  treat  metastatic  breast  cancer  using  the  potent  angiostatic  molecule 
endostatin.  As  it  is  known  that  local  concentrations  of  angiogenesis  inhibitors  play  a  critical  role 
in  their  anti-tumor  efficacy  we  tested  several  different  approaches  to  increase  both  serum  levels 
of  endostatin  as  well  as  direct  delivery  of  endostatin  to  the  activated  tumor  endothelium  using 
tumor  homing  peptides  or  conditionally  replicating  adenovirus  (CRAD). 

Synergistic  anti-tumor  effects  are  expected  when  an  anti-angiogenic  approach  to  tumor  treatment 
is  used  in  conjunction  with  immunomodulatory  therapy,  such  as  IL-12. 


4 


DOD  Award  DAMD17-99-1-9307:  Final  Report 


Body 


The  gutless  adenovirus  system  was  being  developed  in  close  collaboration  with  the  consultant  on 
this  grant:  Dr.  Nuria  Morral.  The  appropriate  El  minus  vector  with  flanking  loxP  sites  was 
constructed  as  well  as  a  293  cell  line  stably  expressing  Cre  recombinase.  After  several  rounds  of 
amplification  of  gutless  vectors,  however,  the  helper  contamination  is  still  above  (>1%)  the 
acceptable  target  (<  0.1%)  secondary  to  insufficient  Cre  recombinase  expression  of  the 
packaging  cell  line.  Attempts  are  being  made  to  isolate  a  clone  with  higher  Cre  recombinase 
expression. 

Meanwhile  to  prove  the  efficacy  and  also  to  test  for  toxicity  of  antiangiogenic  gene  therapy  for 
breast  cancer,  we  decided  to  construct  an  El  minus  recombinant  adenovirus  expressing 
endostatin  under  the  control  of  the  human  EF-1  a  promoter.  This  construct  was  successfully  used 
for  in  vitro  and  in  vivo  experiments  in  tumor  bearing  mice.  These  results  were  reported  in  detail 
in  a  publication  3;  enclosed  in  Appendix.  The  data  clearly  show  the  efficacy  of  endostatin  gene 
therapy  for  cancer.  A  significant  delay  in  tumor  growth  and  total  prevention  of  metastases 
formation  was  observed  after  systemic  delivery  of  adenovirus  expressing  murine  endostatin. 
Tumor  regression,  however,  could  not  be  documented.  The  results  of  our  study  suggest  that, 
despite  relatively  high  circulating  endostatin  levels,  changes  in  vector  design  resulting  in 
increased  transgene  expression  levels  and  prolongation  of  circulating  half-life  of  endostatin  by 
fusion  to  a  Fc  portion  of  an  immunoglobulin  molecule  may  lead  to  improved  anti-tumor  activity 
of  endostatin  gene  transfer.  We  thus  will  focus  now  on  the  improvement  of  the  efficacy  of  this 
already  promising  antiangiogenic  approach  for  breast  cancer  treatment. 

As  reported  above,  we  put  the  construction  of  the  gutless  ADV  on  hold  due  to  problems  with 
helper  virus  contamination  secondary  to  insufficient  expression  of  Cre  recombinase  of  the 
packaging  cell  lines.  Instead  of  concentrating  on  vector  design,  our  efforts  were  rather  focused  to 
prove  the  efficacy  of  endostatin  gene  transfer  for  breast  cancer.  To  this  end,  we  constructed  an 
El  minus  recombinant  adenovirus  expressing  endostatin  under  the  control  of  the  human  EF-1  a 
promoter,  which  resulted  in  a  significant  delay  in  tumor  growth  and  total  prevention  of 
metastases  formation  3.  Regression  of  pre-established  tumors,  however,  could  not  be 
documented  with  this  approach.  It  has  been  shown  that  different  doses  of  endostatin  are  needed 
for  the  successful  treatment  of  primary  tumors  or  metastases  4.  In  addition,  we  have  shown  that 
the  effect  of  endostatin  on  the  maturation  of  tumor  vasculature  is  also  dose  dependent.  There  is 
an  inverse  relationship  between  endostatin  serum  levels  and  tumor  vessel  maturation 
Furthermore,  local  endostatin  concentration  was  also  shown  to  be  important  for  the  anti-tumor 

effect  6.  Therefore,  the  limited  efficacy  with  the  gene  transfer  approach  observed  in  our  study 
could  be  due  to  insufficient  circulating  endostatin  levels  or  secondary  to  inefficient  concentration 
of  endostatin  at  the  tumor  site.  We  thus  took  a  three-fold  approach  to  improve  the  efficacy  of 
endostatin  gene  transfer: 
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A.  Changes  in  vector  design  in  order  to  increase  transgene  expression  levels  and 
prolongation  of  circulating  half-life  of  endostatin.  Construction  of  an  El  minus  adenovirus 
expressing  a  fusion  protein  between  the  Fc  portion  (hinge-CH2-CH3)  of  a  murine 
immunoglobulin  molecule  (IgG2a)  and  endostatin  under  the  control  of  the  human  EF-lcc 
promoter. 

B.  Exploration  of  potential  mechanisms  to  target  endostatin  directly  to  the  tumor  site. 

C.  Transcriptional  targeting  of  conditionally  replicating  adenoviruses  (CRAD's)  to  activated 
endothelium. 


A.  Construction  of  ADV-Ig-end  by  overlapping  PCR: 

1 .  PCR:  Total  RNA  was  isolated  from  lxlOA7  splenocytes  (RN’easy  kit,  Qiagen)  and  the  hinge- 
CH2-CH3  portion  of  IgG2a  was  amplified  using  template  specific  primers  (One-step  RT- 
PCR,  Qiagen):  Primer  A  (sense)  with  1 1  additional  nucleotides  on  the  5’  side  coding  for  the 
3’  end  of  rat  insulin  leader  sequence  (CTGCCCAGGCTGAGCCCAGAGGGCCCACAAT) 
and  primer  B  (antisense)  with  additional  11  nucleotides  on  the  3’  end  coding  for  the 
beginning  of  the  endostatin  gene  (TGATGAGTATGTTTACCCGGAGTCCGG).  A 
polymerase  with  proof-reading  activity  was  used  in  all  DNA  amplification  steps  (pfu, 
Stratagene). 

2.  PCR:  Primer  C  (sense):  5’  end  of  rat  insuling  leader  including  Hind  III  restriction  site  and 
Kozak  sequence  (GAATTCAAGCTTGCCACCATGGCCCTGTGGA).  Primer  D 
(antisense):  3’  end  of  rat  insuling  leader  sequence  plus  1 1  additional  nucleotides  of  IgG2a  Fc 
(CCTCT  GGGCT  C  AGCCTGGGC  AGGCTT  GGGCT  C) . 

3.  PCR:  Products  from  PCR  1  and  2  were  gel  purified,  mixed  and  amplified  with  primers  B  and 
C  to  generate  rat  insulin  leader  -  IgG2a  . 

4.  PCR:  The  previously  cloned  endostatin  cDNA  was  amplified  with  primer  E  (sense) 
containing  on  the  5’  end  13  additional  nucleotides  of  the  3’  end  of  IgG2a  cDNA. 
(GACTCCGGGTAAACATACTCATCAGGACTTTC)  and  primer  F  (antisense)  including  a 
Not  I  restriction  site  (GAAGAGTAAGCGGCCGCCTATTTGGAGAAA). 

5.  PCR:  The  so  amplified  endostatin  cDNA  served  together  with  the  rat  insulin  leader  -  IgG2a 
PCR  product  from  the  3.  PCR  as  a  template  for  the  last  PCR  using  primer  C  (sense)  and 
primer  F  (antisense):  3’  end  of  endostatin  including  a  Not  I  restriction  site.  The  final  PCR 
product  was  gel  purified,  cloned  into  the  Hind  III  and  Not  I  sites  of  the  previously  described 
adenovirus  shuttle  vector  and  sequenced. 
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Summary  of  IG-End  PCR: 
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Recombinant  El  minus  adenovirus  was  rescued  using  calcium  phosphate  co-transfection  of  El 
expressing  293  cells  with  the  Ig-end  adenovirus  shuttle  vector  and  an  adenovirus  backbone 
vector  (pBHGlO,  Microbix)  followed  by  agarose  overlay.  The  resulting  viral  plaques  (17)  were 
harvested  after  4  weeks.  Viral  DNA  was  extracted  from  the  cell  lysate  of  half  of  each  plaque  and 
digested  with  Hind  III  to  verify  the  presence  of  the  transgene.  From  the  other  half  of  each  plaque, 
the  virus  was  released  from  the  cells  by  three  freeze/thaw  cycles  and  used  for  further  virus 
amplification  on  293  cells.  The  plaques  were  also  screened  for  transgene  expression  by 
determining  endostatin  levels  in  plaque  supernatants  using  an  ELISA  for  murine  endostatin 
(Cytimmune).  Only  one  of  the  17  plaques  expressed  the  transgene  (endostatin)  at  high  levels 
(Fig.  1). 
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Endostatin  Concentration  (ng/ml) 


Fig.  1: 


Adv.Ig-Endostatin  : 

Screening  of  viral  plaques  for  endostatin  expression 
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Fig.l  :  Endostatin  expression  in  supernatant  of  viral  plaques  (ELISA).  Only  plaque  number  12  is 
expressing  endostatin  at  very  high  levels  (-9000  ng/ml). 
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Plaque  number  12  was  then  used  for  large  scale  virus  preparation  on  293  cells  (500x  15  cm 
dishes).  Virus  was  purified  on  two  sequential  CsCl  ultracentrifugation  steps.  The  final 
preparation  was  negative  for  both  endotoxin  and  mycoplasm  contamination.  Viral  particles  (vp) 
as  measured  by  OD260  were  2.85xlOA12  vp/ml.  Infectious  titer  (plaque  forming  units;  pfu), 
determined  by  standard  agarose  overlay  plaque  assay  on  293  cells,  was  4.5xl0A10  pfu/ml. 

The  purified  Adv.Ig-end  was  tested  side  by  side  with  the  previously  described  Adv.End  for 
transgene  expression  in  vitro.  Murine  breast  cancer  cells  (JC)  were  infected  at  different 
multiplicity  of  infection  (moi)  with  the  two  endostatin  viruses  or  control  virus  (Adv.LacZ)  and 
endostatin  levels  were  measured  in  the  supernatant  after  48  hours  (Fig.  2). 


Fig.  2: 


Adv.Endostatin  vs.  Adv.Ig-Endostatin  :  in  vitro  : 
Endostatin  expression  of  purified  virus 
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Fig.  2:  Endostatin  ELISA  in  supernatant  of  JC  cells  48  hours  after  virus  infection:  Dose  response 
of  Adv.End  (left  two  bars),  and  of  Adv.Ig-end  (middle  two  bars).  Negative  controls  (Adv.LacZ 
and  supernatant  of  non-infected  JC  cells)  right  two  bars. 
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With  both  endostatin  viruses,  increasing  viral  dose  resulted  in  significantly  more  endostatin 
production  as  detected  in  the  supernatant  of  infected  JC  cells.  Importantly,  there  was  no 
difference  in  endostatin  production  with  either  viral  dose  when  Adv.End  was  compared  with 
Adv.Ig-end.  The  fusion  protein  was  as  effectively  secreted  as  endostatin  alone. 

We  then  went  ahead  to  compare  endostatin  expression  levels  in  vivo  (nude  mice)  after  systemic 
administration  (tail  vein  injection)  of  lxlOAl  1  vp  of  Adv.End  or  Adv.Ig-end.  Endostatin  serum 
levels  were  measured  at  1  week,  3  weeks  and  6  weeks  after  viral  injection.  There  was  no 
significant  difference  in  expression  levels  at  the  three  time  points.  The  data  of  the  6  week  time 
point  are  shown  in  Fig.  3. 


Fig.  3: 


Adv.Endostatin  y^.  Adv.Ig-Endostatin  :  in  vivo  : 
Endostatin  serum  levels  after  i.v.  administration 
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Fig.  3:  Endostatin  serum  levels  measured  by  ELISA  six  weeks  after  i.v.  injection  of  lxlOAll  vp 
of  Adv.End,  Adv.Ig-end  or  control  vector  (Adv.DL312). 
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The  endostatin  levels  after  the  injection  of  Adv.Ig-end  were  significantly  higher  at  all  time  points 
than  those  with  Adv.End. 

These  two  endostatin  viruses  were  tested  in  vivo  head  to  head  in  preestablished  murine  breast 
cancers  (JC).  The  tumors  in  the  Adv.Ig-end  group  were  smaller  than  in  the  Adv.-end  group.  The 
results,  however,  did  not  reach  statistical  significance.  This  maybe  due  to  the  size  of  the  groups 
(N=7)  (Fig.  4). 


ADV.End/Ig-End 


ADV.Ig-endostatin 
ADV. endostatin 
ADV.DL312 


Days  Post  Tumor  Implantation 


Fig.  4:  JC  tumors  (breast  cancer)  after  i.v.  injection  of  lxl  0A11  vp  of  Adv.End,  Adv.Ig-end  or 
control  vector  (Adv.DL312). 
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B.  Targeting  of  endostatin  to  the  tumor  site: 


It  has  become  clear  that  local  endostatin  concentrations  may  play  an  important  role  in  tumor 
control  6.  To  explore  the  natural  homing  of  endostatin  to  the  tumor,  we  injected  lxlOAl  1  vp  of 
Adv.end  or  control  vector  (Adc.DL312)  into  tumor  bearing  mice.  The  mice  were  sacrificed  after 
one  week  and  tumors  were  stained  immunohistochmically  for  endostatin.  There  was  no 
significant  difference  in  endostatin  stainings  between  treated  and  control  tumors. 

We  therefore  wanted  to  explore  if  high  local  concentration  of  endostatin  inhibits  endothelial  cell 
proliferation  and  induces  apoptosis  in  growing  endothelium.  To  this  end,  we  induced  an 
endothelial  denudating  injury  by  3  passages  of  a  0.25-mm  angioplasty  guide  wire  (Advanced 
Cardiovascular  Systems)  through  a  mouse  femoral  artery  one  day  after  i.v.  injection  of  lxlOAl 
vp  of  Adv.End  or  Adv.DL312.  This  model  has  previously  been  described  in  detail  7 
Immunostaining  for  endostatin  showed  a  massive  accumulation  of  endostatin  at  the  site  of  injury, 
but  not  at  the  contralateral  non-injured  control  leg  or  after  injection  of  control  vector  (Fig.5). 


Fig.  5: 


Fig.  5:  Immunohistochemical  staining  of  endostatin  protein  at  the  femoral  arterial  wall  1  week 
and  4  weeks  following  arterial  injury:  1  week:  (A)  Injured,  endostatin  treated:  A  clearly 
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devoid  of  luminal  endothelial  coverage,  indicates  the  strong  presence  of  endostatin  protein.  (B) 
Non-injured,  endostatin  treated:  Only  weak  staining  of  elastic  fibers  in  the  media  of  the  non- 
injured  artery  can  be  seen  and  no  endostatin  protein  is  detectable  at  the  luminal  surface,  which  is 
completely  covered  by  endothelial  cells  (arrows).  (C)  Injured,  control  vector  treated:  Very  little 
endostatin  staining  along  the  denuded  luminal  surface  (arrow). 


Removal  of  endothelium  allowed  for  local  concentration  of  endostatin  at  the  exposed  basement 
membrane  at  the  site  of  injury.  To  test  for  the  biological  effect  of  endostatin  after  the  endothelial 
injury,  quantitative  computer  assisted  morphometry  was  used  to  measure  the  degree  of  re- 
endothelialization  after  endostatin  gene  transfer.  Endostatin  inhibited  re-endothelialization  of  the 
denudation  injury  significantly  at  two  and  four  weeks  after  injury  when  compared  with  control 
vector  (Adv.DL312).  Also,  significantly  more  endothelial  cell  apoptosis  was  found  in  endostatin 
treated  animals  vs.  controls  as  measured  by  activated  caspase-3  expression  (Fig.  6). 


Fig.  6: 
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Fig.  6:  Comparison  of  the  effects  of  endostatin  overexpression  on  re-endothelialization  and 
luminal  endothelial  cell  apoptosis  in  treatment  (Adv.End:  filled  bars)  and  control  (Adv.DL312: 
open  bars)  groups  at  2  and  4  weeks  after  arterial  injury  and  adenoviral  injection.  (A)  Difference 
between  percentage  of  the  luminal  circumference  of  the  artery  covered  by  endothelium 
(independent  sample  t-test  P  <.01 )  (B)  Proportion  of  caspase-3  expressing  endothelial  cells  in  the 
luminal  endothelium  (independent  sample  t-test  P  <.01). 

In  summary,  accumulated  endostatin  at  the  site  of  endothelial  injury  effectively  induces 
apoptosis  of  the  re-growing  endothelium  and  inhibits  proliferation  of  activated  endothelial  cells. 
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Having  shown  in  this  model  that  locally  deposited  endostatin  exerted  such  dramatic  effects  on 
endothelial  survival  at  the  site  of  endothelial  turnover  we  sought  to  apply  this  principle  to  anti- 
angiogenic  cancer  therapy. 

Recently,  utilizing  phage  display  techniques,  several  short  peptides  (NGR,  NG2,  etc.)  have  been 
identified  that  specifically  home  to  tumor  endothelium/activated  endothelial  cells  8.  By  fusing 
these  peptide  sequences  to  endostatin  we  intended  to  "home"  endostatin  directly  to  the  site  of  the 
tumors. 

Employing  overlapping  PCR  techniques  as  described  above  we  made  two  different 
"endothelium-targeted"  endostatin  constructs: 

1.  NGR-endostatin 

2.  RGD-endostatin 


Summary  of  NGR-End  Construction: 


rat  insulin  leader  NGR  endostatin 

HinHTTT-  A  Q  KpnI-E 

- ►  - ►  - ► 

1 1  Kpnl-TGTAATGGCCGATGC-Kpn]  !!■■■■■■■■■■■■■■■ 

◄ - 

◄ - 

B-Kpnl  D 

l.PCR(A+B)  Oligonucleotide  (C+D) 

I - — — - '  ' - '  ,  2.  PCR  (E+F) 

Ligation  1. PCR  +  Oligonucleotide  I - 


3.  PCR  (A+F) 


◄ - 

F-Notl 


The  RGD-endostatin  was  constructed  by  replacing  the  NGR  peptide  sequence  between  the  two 
Kpnl  sites  with  a  RGD  motive. 

The  recombinant  adenovirus  expressing  these  sequences  has  just  been  successfully  rescued.  The 
sequence  of  the  transgenes  corresponded  to  the  above  constructs. 

These  two  viruses  will  now  be  tested  in  vitro  for  expression  and  in  vivo  regarding  the  tumor 
targeting  of  the  circulating  transgene  as  well  as  anti-tumor  efficacy. 
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C.  Transcriptional  targeting  of  Conditionally  Replicating  Adenovirus  (CRAD)  to  dividing 
endothelial  cells: 

We  constructed  CRADs  targeted  to  dividing  endothelial  cells,  which  are  present  in  the  tumor 
endothelium.  We  utilized  the  regulatory  elements  of  Flk-1  and  endoglin  genes,  which  have  been 
shown  to  be  highly  overexpressed  in  angiogenic  endothelial  cells,  to  construct  two  CRADs: 
Ad.Flk-1,  which  has  adenoviral  El  A  gene  under  the  control  of  the  Flk-1  enhancer/promoter,  and 
Ad.Flk-Endo,  which  harbors  the  same  Flk-1  enhancer/promoter  as  Ad.Flk-1,  plus  it  has  the 
adenoviral  E1B  gene  under  control  of  the  endoglin  promoter.  Using  viral  replication  assays  we 
showed  that  these  viruses  replicate  with  high  selectivity  only  in  endothelial  cells  and  not  in  other 
cell  lines.  Moreover,  in  3-D  angiogenesis  matrigel  assays  the  CRAD's  effectively  destroyed  the 
budding  capillary  networks  as  opposed  to  the  control  viruses.  These  results  are  reported  in  detail 
in  a  forthcoming  publication  9,  which  is  currently  in  press  in  the  journal  Gene  Therapy.  A 
complete  manuscript  is  included  in  the  appendix. 

This  endothelial-targeted  CRAD  will  now  be  used  to  express  anti-angiogenic  genes,  such  as 
endostatin. 
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Key  Research  Accomplishments 


Construction  of  a  recombinant  adenovirus  expressing  high  levels  of  murine  endostatin 

Demonstration  of  its  anti-tumor  effect  and  the  prevention  of  metastasis  formation 

Construction  of  a  recombinant  adenovirus  expressing  a  fusion  protein  between  the  Fc  portion 
of  murine  IgG2a  and  murine  endostatin  (Adv.Ig-end) 

Demonstration  of  equally  effective  secretion  in  vitro  from  virus  infected  cells  of  the  Ig- 
endostatin  fusion  protein  when  compared  to  endostatin  alone 

Demonstration  of  significantly  increased  endostatin  serum  levels  and  better  in  vivo  effect 
after  systemic  administration  of  Adv.Ig-end  compared  to  Adv.End 

Demonstration  of  the  potent  biological  activity  of  endostatin  (inhibition  of  endothelial  cell 
growth;  induction  of  endothelial  cell  apoptosis)  after  local  accumulation  of  endostatin  at  the 
site  of  endothelial  repair 

Construction  of  an  endostatin  molecule  with  endothelium  homing/targeting 

Construction  of  conditionally  replicating  adenovirus  (CRAD)  targeted  to  the  activated 
endothelium 
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Reportable  Outcomes 
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Conclusions 


Our  data  on  adenovirus-mediated  gene  transfer  of  endostatin  has  clearly  shown  the  efficacy  of  an 
antiangiogenic  gene  therapy  approach  for  cancer:  Significant  delay  in  tumor  progression,  and 
more  importantly,  complete  prevention  of  lung  metastases  formation.  Regression  of  pre- 
established  tumors,  however,  has  not  been  achieved,  which  maybe  due  to  insufficient  circulating 
endostatin  levels  or  secondary  to  low  local  concentration  of  endostatin  at  the  tumor  site. 
Construction  of  a  recombinant  adenovirus  expressing  an  Ig-endostatin  fusion  protein  resulted  in 
significantly  elevated  serum  endostatin  levels  in  vivo.  This  construct  showed  an  increased  anti¬ 
angiogenic  activity  in  a  murine  breast  cancer  model. 

Furthermore,  local  endostatin  concentration  was  also  shown  to  be  important  for  the  anti-tumor 
effect  6.  Thus,  a  specifically  tumor-targeted  endostatin  construct  was  made  using  peptides  that 
home  selectively  to  activated  endothelium  to  increase  the  efficacy  of  endostatin  gene  transfer. 
These  constructs  are  being  tested  now. 

In  addition,  a  conditionally  replicating  adenovirus  (CRAD)  that  replicates  selectively  in  activated 
endothelium  was  developed.  This  virus  will  now  be  used  to  deliver  anti-angiogenic  genes 
directly  to  the  endothelium. 

Finally,  the  most  potent  anti-angiogenic  construct  of  the  above  tested  ones  will  be  used  in 
combination  with  immunomodulatory  tumor  therapy  or  even  conventional  anti-cancer 
treatments.  This  is  likely  to  have  additive  or  even  synergistic  effects  as  it  was  already  shown 
with  other  angiogenesis  inhibitors  10. 
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Adenovirus-mediated  gene  transfer  of  endostatin  in 
vivo  results  in  high  level  of  transgene  expression 
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Inhibition  of  angiogenesis  has  been  shown  to  be  an  effective 
strategy  in  cancer  therapy  in  mice.  However,  its  widespread  ap¬ 
plication  has  been  hampered  by  difficulties  in  the  large-scale 
production  of  the  antiangiogenic  proteins.  This  limitation  may  be 
resolved  by  in  vivo  delivery  and  expression  of  the  antiangiogenic 
genes.  We  have  constructed  a  recombinant  adenovirus  that  ex¬ 
presses  murine  endostatin  that  is  biologically  active  both  in  vitro , 
as  determined  in  endothelial  cell  proliferation  assays,  and  in  v/Vo, 
by  suppression  of  angiogenesis  induced  by  vascular  endothelial 
growth  factor  165.  Persistent  high  serum  levels  of  endostatin 
(605-1740  ng/ml;  mean,  936  ng/ml)  were  achieved  after  systemic 
administration  of  the  vector  to  nude  mice,  which  resulted  in 
significant  reduction  of  the  growth  rates  and  the  volumes  of  JC 
breast  carcinoma  and  Lewis  lung  carcinoma  ( P  <  0.001  and  P  <  0.05, 
respectively).  In  addition,  the  endostatin  vector  treatment  com¬ 
pletely  prevented  the  formation  of  pulmonary  micrometastases  in 
Lewis  lung  carcinoma  (P  =  0.0001).  Immunohistochemical  staining 
of  the  tumors  demonstrated  a  decreased  number  of  blood  vessels 
in  the  treatment  group  versus  the  controls.  In  conclusion, 
the  present  study  clearly  demonstrates  the  potential  of  vector- 
mediated  antiangiogenic  gene  therapy  as  a  component  in  cancer 
therapy. 

antiangiogenesis  j  cancer  |  gene  therapy 

In  recent  years  it  has  become  clear  that  angiogenesis  not  only 
is  important  in  physiological  processes  such  as  embryonic 
development,  wound  healing,  and  organ  and  tissue  regeneration, 
but  also  plays  a  pivotal  role  in  tumor  progression  and  metastasis 
(1).  The  target  of  antiangiogenic  cancer  treatment  is  the  genet¬ 
ically  normal  endothelial  cell.  Therefore,  the  development  of 
resistance  to  angiostatic  therapy  is  very  unlikely  and  has  not  been 
reported  so  far  (2).  If  a  cancer  exceeds  the  size  of  ~l-2  mm, 
recruitment  of  new  blood  vessels  is  needed  (angiogenesis)  to 
prevent  tumor  cell  apoptosis.  Tumor  cells  promote  angiogenesis 
by  the  secretion  of  angiogenic  factors,  in  particular  basic  fibro¬ 
blast  growth  factor  (bFGF)  and  vascular  endothelial  growth 
factor  (VEGF)  (3).  Recently,  evidence  emerged  that  angiogen¬ 
esis  is  tightly  regulated  by  a  balance  of  activating  and  inhibiting 
factors  (4).  Therefore,  continuous  overexpression  of  antiangio¬ 
genic  factors  by  gene  therapy,  for  instance,  should  counteract  the 
tumor-induced  angiogenesis. 

Many  tumor-  and  non-tumor-associated  antiangiogenic  fac¬ 
tors  have  been  described.  The  proteolytic  cleavage  of  larger 
precursor  molecules  associated  with  the  vascular  system  (pro¬ 
teins  of  the  coagulation  cascade  and  basement  membrane  pro¬ 
teins)  is  thought  to  play  an  important  role  in  the  generation  of 
several  of  these  antiangiogenic  proteins  and,  thus,  in  the  control 
of  angiogenesis.  Of  the  known  angiogenesis  inhibitors,  the 
recently  discovered  protein  endostatin,  a  20-kDa  (184  aa)  C- 
terminal  fragment  of  collagen  XVIII,  is  the  most  potent  inhibitor 
of  tumor  angiogenesis  described  so  far  (5). 

Despite  intensive  efforts,  large  quantities  of  recombinant 
protein  sufficient  for  clinical  trials  were  not  available  until 


recently  (6).  The  difficulties  in  protein  production,  long-term 
storage  of  bioactive  protein,  and  the  cumbersome  daily  admin¬ 
istration  may  be  overcome  through  transfer  of  the  endostatin 
gene.  Two  recent  reports  using  nonviral  gene  therapy  with 
endostatin  show  some  efficacy  against  tumor  growth  (7,  8).  The 
systemic  endostatin  levels  achieved  in  these  studies,  however, 
were  rather  low.  Because  there  is  a  dose-response  relationship 
between  endostatin  concentration  and  its  antiangiogenic  effect 
in  all  reported  in  vitro  and  in  vivo  studies,  we  chose  the  highly 
efficient  adenovirus-based  gene  delivery  system  for  our  model  to 
maximize  transgene  expression.  Successful  antiangiogenic  gene 
therapy  with  adenoviral  vectors  already  has  been  shown  by 
several  other  groups  (9-12). 

In  this  paper,  we  demonstrate  the  ability  to  generate  persistent 
high  levels  of  circulating  endostatin  levels  through  adenovirus- 
mediated  gene  therapy,  its  effect  on  tumor  growth  in  two 
different  tumor  models  [a  murine  breast  cancer  cell  line  (JC)  and 
Lewis  lung  carcinoma  (LLC)],  and,  more  importantly,  the  com¬ 
plete  prevention  of  lung  metastases  formation  in  LLC. 

Materials  and  Methods 

Murine  Endostatin  cDNA  Cloning  and  Adenovirus  Construction.  Liver 
tissue  from  a  BALB/c  mouse  was  homogenized,  and  total  RNA 
was  extracted  (RNeasy  kit;  Qiagen,  Chatsworth,  CA).  First- 
strand  cDNA  was  amplified  by  reverse  transcription-PCR  with 
oligo(dT)  primers  (Superscript  II;  Life  Technologies,  Grand 
Island,  NY).  The  full-length  mouse  endostatin  cDNA  was  am¬ 
plified  by  PCR  (sense  primer  with  a  Clal  linker,  ATCGAT- 
CATACTCATCAGGACTTTCAGCC;  antisense  primer  with  a 
Not\  linker,  GCGGCCGCCTATTTGGAGA A AGAGGT - 
CAT)  for  subcloning  into  pBluescript  (Stratagene).  A  synthetic 
oligonucleotide  coding  for  the  rat  insulin  leader  sequence  was 
cloned  in  front  of  the  endostatin  gene.  After  sequence  confir¬ 
mation,  the  rat  insulin  leader  endostatin  cDNA  was  cloned 
into  the  recombinant  adenovirus  (ADV)  shuttle  vector 
pADV.hEFl-a  (human  elongation  factor  1-a)  for  the  rescue  of 
the  recombinant  adenovirus  as  described  (13).  The  viral  particles 
were  measured  by  absorption  (A260),  and  the  plaque-forming 
units  (pfu)  were  determined  by  standard  agarose-overlay  plaque 
assay  on  293  cells. 


Abbreviations:  ADV,  recombinant  adenovirus;  ATTV,  average  total  tumor  volume;  bFGF, 
basic  fibroblast  growth  factor;  El,  adenovirus  early  gene  1;  GST,  glutathione  5-transferase; 
HUVEC,  human  umbilical  vein  endothelial  cells;  LLC,  Lewis  lung  carcinoma;  moi,  multiplicity 
of  infection;  pfu,  plaque-forming  units;  VEGF,  vascular  endothelial  growth  factor;  ICAM-1, 
intercellular  adhesion  molecule-1. 
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New  York,  NY  10029-6574.  E-mail:  swoo@mssm.edu. 
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MEDICAL  SCIENCES 


Recombinant  Adenoviruses.  All  recombinant  adenoviruses  used  in 
this  study  were  generated  in  our  laboratory  as  described  above. 
The  cDNA  for  the  construction  of  the  ADV.hVEGF165  was 
obtained  through  reverse  transcription-PCR  of  RNA  isolated 
from  human  umbilical  vein  endothelial  cells  (HUVEC). 

Cell  Lines.  JC  and  LLC  cell  lines  were  obtained  from  American 
Type  Culture  Collection.  The  cells  were  cultured  in  RPMI 
medium  1640  (JC)  and  DMEM  (LLC).  All  media  were  supple¬ 
mented  with  10%  FBS,  0.2  mM  glutamine,  and  1%  penicil¬ 
lin  /streptomycin.  HUVEC  were  isolated  from  umbilical  cords 
(Institutional  Review  Board- approved  cord  blood  program)  by 
collagenase  type  IV  (Sigma)  perfusion  (0.2%  in  Hanks*  balanced 
salt  solution)  for  20  min  at  room  temperature.  The  cells  then 
were  cultured  on  collagen-coated  (1%  in  PBS)  plates  in  M199 
medium  supplemented  with  20%  FBS,  0.2  mM  glutamine,  1% 
penicillin/streptomycin,  and  1  ng/ml  bFGF. 

Generation  of  Purified  Endostatin.  Murine  endostatin  was  cloned 
into  a  glutathione  5-transferase  (GST)  fusion  vector  (pGEX- 
4T-1;  Amersham  Pharmacia)  and  expressed  in  Escherichia  coli  as 
a  46-kDa  GST-endostatin  fusion  protein.  After  induction,  >90% 
of  the  GST-endostatin  fusion  protein  remained  in  bacterial 
inclusion  bodies.  The  soluble  GST-endostatin  fraction  was 
eluted  from  a  50%  slurry  of  PBS/glutathione-Sepharose  4B 
(Amersham  Pharmacia)  with  10  mM  reduced  glutathione  in 
50  mM  Tris*HCl,  pH  8.0.  Soluble  recombinant  endostatin  was 
generated  by  infection  of  breast  cancer  cells  with  ADV.mEnd  at 
a  multiplicity  of  infection  (moi)  of  100  pfu.  After  48  h,  the 
serum-free  supernatant  was  harvested  and  sequentially  concen¬ 
trated  over  Centriplus  spin  columns  (molecular  mass  cut-off  of 
50,000  Da  followed  by  30,000  Da;  Amicon).  The  purified  protein 
was  analyzed  on  a  10%  reducing  SDS/PAGE  gel. 

Production  of  Polyclonal  Endostatin  Antiserum.  The  inclusion  bodies 
with  GST-endostatin  fusion  protein  were  solubilized  with  8  M 
urea  and  loaded  on  a  preparative  SDS/PAGE  gel  (Protean  II; 
Bio-Rad).  The  correct-size  band  was  excised  and  turned  over  to 
Research  Genetics  (Huntsville,  AL)  for  immunization  and  for 
the  production  of  polyclonal  rabbit  anti-endostatin  antiserum. 

Western  Blot  of  ADV.mEnd  Conditioned  Supernatant.  JC  cells  were 
transduced  at  a  moi  of  100  pfu  with  ADV.mEnd  and  control 
vector  ADV./3-Gal.  Conditioned  supernatant  was  harvested 
after  48  h  and  concentrated  as  described  above.  Samples  (5  pi) 
of  the  different  fractions  (50/30-kDa  cut-off  and  flow-through) 
were  separated  on  a  10%  reducing  SDS/PAGE  gel  and  trans¬ 
ferred  to  a  poly(vinyIidene  difluoride)  membrane  (Hybond-P; 
Amersham  Pharmacia).  The  membrane  was  probed  with  the 
polyclonal  rabbit  anti-endostatin  antiserum,  followed  by  a  don¬ 
key  anti-rabbit  FITC-conjugated  antibody  and  a  signal  amplifi¬ 
cation  step  (Vistra  Fluorescence  Western  blotting  kit;  Amer¬ 
sham  Pharmacia).  The  signals  were  analyzed  with  a  Storm  860 
Phosphorlmager  (Molecular  Dynamics)  and  imagequant 
software. 

In  Vitro  Bioactivity  Assay  of  Endostatin.  Proliferation  inhibition 
assay  using  a  2-fold  dilution  series  of  conditioned  supernatant 
(ADV.mEnd  or  ADV.j3-Gal)  on  HUVEC  was  performed  as 
previously  described  (5).  HUVEC  proliferation  was  measured  by 
a  tetrazolium-based  assay  (EZ4U  kit;  Biomedica,  Vienna). 

In  Vivo  Angiogenesis  Assay.  Athymic  nude  mice,  purchased  from 
the  National  Cancer  Institute,  were  s.c.  injected  with  1  X  1011 
particles  of  ADV.hVEGF165  or  the  adenovirus  early  gene  1 
(El)-deleted  adenovirus  control  vector  ADV.DL312  into  an 
India  ink-marked  area  of  the  right  and  left  lateral  thigh,  respec¬ 
tively.  The  mice  were  divided  into  three  groups  and  injected  via 


tail  vein  with  (i)  PBS,  (ii)  1  X  1011  ADV.DL312  particles,  and  (/«) 
1  X  1011  ADV.mEnd  particles.  At  day  14,  the  animals  were 
killed,  and  the  marked  injection  sites  on  the  right  and  left  thighs 
(ADV.hVEGF165  and  ADV.DL312,  respectively)  were  sub¬ 
jected  to  histological  analysis  with  hematoxylin/eosin  staining 
and  immunohistochemistry. 

VEGF  and  Endostatin  Measurements.  Endostatin  levels  in  condi¬ 
tioned  supernatant  and  serum  and  human  VEGF  serum  levels 
were  measured  with  commercially  available  ELISA  kits  (Cytlm- 
mune  Sciences,  College  Park,  MD,  and  R  &  D  Systems). 

In  Vivo  Evaluation  of  Tumor  Growth.  Cells  (1  X  105  LLC  or  JC)  were 
inoculated  s.c.  into  nude  mice.  Tumors  were  measured  with 
calipers  in  two  dimensions  every  4  to  5  days,  and  the  volume  was 
calculated  as  length  X  width2  X  0.52. 

Immunohistochemistry.  Sections  were  probed  with  a  monoclonal 
rat  anti-mouse  intercellular  adhesion  molecule-1  (ICAM-1) 
antibody  (1:300;  Seikagaku  America,  Rockville,  MD),  followed 
by  a  biotinylated  polyclonal  rabbit  anti-rat  antibody  (1:100; 
Vector  Laboratories). 

Statistical  Analyses.  For  comparison  of  individual  time  points, 
ANOVA  and  unpaired  Student’s  t  tests  were  used.  For  each 
animal,  the  average  total  tumor  volume  (ATTV)  was  calculated 
from  the  first  tumor  measurement  to  the  end  of  the  experiment. 
The  ATTV  equals  the  area  under  the  curve  (AUC)  of  the  tumor 
volumes  over  time  divided  by  the  number  of  days  [e.g.,  ATTV  = 
AUC/number  of  days  —  AUC/(26  -  7)  =  AUC/19].  The 
ATTV  represents  the  average  height  of  the  volume-time  curve 
from  day  6  to  day  27,  thereby  giving  an  overall  index  of  tumor 
size.  P  values  were  calculated  by  using  the  Wilcoxon  Rank  Sum 
Test  (14). 

Results 

Construction  of  a  Recombinant  Adenovirus  Expressing  Murine  En¬ 
dostatin.  The  cDNA  of  murine  endostatin  was  PCR-cIoned  from 
a  mouse  liver,  and  a  synthetic  oligonucleotide  coding  for  the  rat 
insulin  leader  sequence  was  added  at  the  5'  end.  The  recombi¬ 
nant  replication-deficient  adenovirus  was  generated  through 
cotransfection  of  the  expression  cassette  containing  an  adeno¬ 
virus  shuttle  vector  with  an  El -deleted  adenovirus  backbone 
vector  (pJM-17)  (Fig.  L4).  A  restriction  digestion  of  viral  DNA 
with  Hind  III  was  performed  to  verify  the  rearrangement  of 
restriction  fragments  of  ADV.mEnd  DNA  compared  with  the 
backbone  adenoviral  vector  plasmid,  confirming  the  correct 
insertion  of  the  transgene.  Aside  from  minor  band  shifts,  the  loss 
of  the  3,437-bp  DNA  fragment  in  the  recombinant  virus  as 
compared  with  the  plasmid  is  the  hallmark  of  transgene  insertion 
into  the  El  region  of  the  adenovirus  (Fig.  1B).  A  murine  breast 
cancer  cell  line  with  a  high  transduction  efficiency  by  adenovirus 
was  transduced  with  an  moi  of  100  pfu  of  ADV.mEnd  or 
ADV./3-Gal,  respectively,  and  serum-free  supernatant  was  se¬ 
quentially  concentrated  over  two  columns  with  a  molecular  mass 
cut-off  of  50  kDa  followed  by  30  kDa.  Then,  5  pi  of  the 
concentrated  supernatant  was  separated  on  a  reducing  10% 
SDS/PAGE  gel,  and  a  distinct  band  at  around  22  kDa  was 
visualized  in  the  ADV.mEnd  conditioned  supernatant  but  not  in 
the  control.  The  22-kDa  band,  corresponding  to  the  size  of 
endostatin,  was  seen  in  both  the  50-kDa  and  the  30-kDa  cut-off 
fractions  but  not  in  the  flow-through  of  the  30-kDa  column, 
indicating  that  protein  charges  and  conformation  influenced  its 
filtration  through  the  membranes.  Incomplete  reduction  of 
multimers  and  association  with  other  cellular  proteins  in  this 
highly  overexpressed  system  may  have  accounted  for  the  reten¬ 
tion  in  the  50-kDa  cut-off  column  (Fig.  1C).  Polyclonal  rabbit 
anti-endostatin  antibody,  raised  against  a  GST-endostatin  fusion 
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Fig.  1.  Construction,  molecular  analysis,  and  transgene  expression  of  ADV.mEnd.  (A)  The  expression  cassette  consisting  of  human  elongation  factor-1  a  (EF-1a) 
promoter,  the  rat  insulin  leader  sequence,  the  cDNA  of  murine  endostatin,  and  the  bovine  growth  hormone  poly(A)  (bGHPA)  was  cloned  in  an  adenovirus  shuttle 
vector.  Recombinant  adenovirus  was  generated  on  cotransfection  of  the  shuttle  plasmid  with  the  adenovirus  backbone  plasmid  pJM-1 7.  (6)  Rearrangement  of 
H/ndlll  restriction  fragments  (loss  of  a  3,437-bp  fragment  (arrow),  emergence  of  a  1,003-bp  fragment  (data  not  shown),  and  other  minor  band  shifts  of  the 
adenovirus  backbone  plasmid  (lane  1)  as  compared  with  the  recombinant  ADV.mEnd  (lane  2)  confirmed  the  correct  insertion  of  the  transgene  into  the  El  region 
in  the  adenovirus.  (O  Ten  percent  reducing  SDS/PAGE  of  serum-free  concentrated  supernatant  of  viralty  transduced  breast  cancer  cells.  Retention  on  50-kDa 
molecular  mass  cut-off  column,  ADV.mEnd  (lane  1)  and  ADV./3-Gal  (lane  2);  flow-through  of  30-kDa  cut-off  column,  ADV.mEnd  (lane  3)  and  ADV./3-Gal  (lane  4); 
retention  on  30-kDa  molecular  mass  cut-off  column,  ADV.mEnd  (lane  5)  and  ADV.jS-Gal  (lane  6).  (D)  Western  blot  of  the  same  supernatant  as  shown  in  C.  Lanes 
1  and  2  are  the  same  as  in  C,  and  lanes  3  and  4  correspond  to  lanes  5  and  6  in  C.  M,  molecular  mass  markers. 


protein,  reacted  positively  in  a  Western  blot  with  the  22-kDa 
protein  only.  Preimmune  serum  in  all  fractions  and  immune 
serum  against  conditioned  medium  of  the  control  vector  did  not 
generate  any  signals,  thereby  confirming  both  the  specificity  of 
the  anti-endostatin  antibody  and  that  endostatin  is  efficiently 
secreted  into  the  supernatant  of  ADV.mEnd-transduced  cells 
(Fig.  ID). 

ADV.mEnd-Expressed  Endostatin  Is  Biologically  Active  in  Vitro  and 
in  Vivo .  To  evaluate  the  biological  function  of  the  recombinant 
endostatin,  we  tested  the  purified  protein  from  serum-free 
concentrated  supernatant  of  adenovirally  transduced  cells  in  a 
proliferation  inhibition  assay  on  HUVEC.  A  dose-response 
between  endostatin  concentration  and  percentage  inhibition 
of  bFGF-stimulated  HUVEC  proliferation  could  be  demon¬ 
strated  (Fig.  2A).  The  ED50  of  endostatin  (975  ng/ml)  was  in 
the  range  of  previously  published  data  (15),  but  was  a  little 
higher  than  in  the  original  paper  (5).  Similarly,  nonconcen¬ 
trated  conditioned  supernatant  of  JC  cells  transduced  with 
ADV.mEnd  strongly  inhibited  HUVEC  proliferation  with  an 
ED50  at  a  dilution  of  1:16,  whereas  ADV.jS-Gal  conditioned 
supernatant  did  not  inhibit  proliferation  (Fig.  2 B).  As  mea¬ 
sured  by  a  commercially  available  ELISA,  endostatin  concen¬ 


tration  in  the  conditioned  supernatant  ranged  from  12  to  16 
p,g/ml.  There  was  no  effect  of  purified  endostatin  or 
conditioned  supernatant  on  the  growth  of  JC  cells  (data  not 
shown). 

In  vivo  antiangiogenic  activity  of  adenovirally  expressed 
endostatin  was  tested  by  s.c.  injection  of  1  X  1011  particles  of 
ADV.hVEGF165  or  ADV.DL312  into  India  ink-marked  areas 
of  the  right  and  left  lateral  thighs  of  a  nude  mouse,  respec¬ 
tively.  Particles  (1  X  1011)  of  ADV.mEnd  or  ADV.DL312,  or 
PBS  was  then  administered  systemically  through  the  tail  vein. 
The  left  ADV.DL312-injected  thigh  served  as  an  internal 
control  in  each  mouse  for  potential  local,  nonspecific  adeno¬ 
viral  effects.  Mice  were  killed  14  days  after  viral  injection,  and 
the  marked  area  was  examined  histologically.  Histological 
sections  were  stained  with  hematoxylin/eosin  and  for 
ICAM-1.  There  was  a  clear  inhibition  of  VEGF165-induced 
angiogenesis  in  the  ADV.mEnd-treated  mice  vs.  the  mice 
injected  with  the  control  vector  (Fig.  3).  ADV.mEnd  treatment 
resulted  in  endostatin  levels  from  625  to  1612  ng/ml.  There 
was  no  increase  in  systemic  angiogenesis  as  evidenced  by  the 
lack  of  detectable  serum  levels  of  human  VEGF  and  by  the 
absence  of  increased  angiogenesis  in  the  contralateral 
ADV.DL312-injected  thigh  (data  not  shown). 
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Fig.  2.  In  vitro  assay  for  endostatin  activity.  (A)  Inhibition  of  bFGF  (1  ng/ml)  stimulated  HUVEC  proliferation  by  increasing  amounts  of  purified,  ADV.mEnd- 
expressed  endostatin  (hatched  columns)  and  in  the  absence  of  endostatin  (positive  control;  open  column).  HUVEC  proliferation  without  bFGF  (negative  control; 
filled  column).  (B)  Same  assay  as  in  A.  Shown  is  a  2-fold  dilution  of  conditioned  supernatant  of  JC  cells  transduced  with  ADV.mEnd  or  ADV./3-Gal  at  different  moi 
(in  particles).  ADV.mEnd:  1  x  104  (O),  5  x  104  (□),  and  1  x  105  (A).  ADV./3-Gal:  1  x  104  (•)  and  5  X  104  (■).  pos.,  Complete  medium  with  bFGF;  neg.,  complete 
medium  without  bFGF.  Data  are  shown  as  the  mean  of  six  wells.  Bars  indicate  ±  SD. 


Systemic  ADV.mEnd  Administration  Significantly  Delays  Tumor  En- 
graftment.  In  the  first  in  vivo  experiment,  we  asked  whether 
systemic  administration  of  ADV.mEnd  could  prevent  the  for¬ 
mation  of  s.c.  breast  cancer  (JC)  in  nude  mice.  Particles  (1  X 
1011)  of  ADV.mEnd  or  control  vector  (ADV.DL312)  were 
injected  i.v.  into  the  tail  vein,  followed  by  s.c.  tumor-cell  im¬ 
plantation  (1  X  105  cells)  2  days  later  (20  animals  per  group). 
Animals  were  checked  daily,  and  the  emerging  tumors  were 
measured  twice  a  week.  By  day  12  after  tumor  implantation,  a 
statistically  significant  difference  could  be  observed  between 
treated  and  control  groups  ( P  =  0.014),  with  four  animals  in  each 
group  not  having  developed  a  tumor.  Eventually,  all  animals 
developed  tumors,  but  the  growth  rate  of  the  ADV.mEnd- 
treated  group  was  significantly  slower  than  that  in  the  controls, 
resulting  in  a  60%  tumor  size  reduction  in  the  treatment  group 
at  day  28  (P  =  0.0008)  (Fig.  4).  Endostatin  levels  ranged  from 
810  to  1740  ng/ml  in  the  treatment  group  and  from  178  to 
190  ng/ml  in  the  control  group. 

ADV.mEnd  Treatment  Reduces  Tumor  Growth  and  Prevents  Metasta- 

ses.  In  a  more  clinically  relevant  situation,  we  treated  preestab¬ 
lished  tumors  with  ADV.mEnd.  As  a  tumor  model,  we  chose 
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Fig.  3.  In  vivo  assay  for  activity  of  ADV.m End-expressed  endostatin.  An 
adenovirus  expressing  hVEGFI  65  was  injected  s.c.  into  nude  mice.  At  the  same 
time,  ADV.mEnd  or  control  vector  (ADV.DL31 2)  was  administered  through  the 
tail  vein.  After  14  days,  the  animals  were  killed,  and  the  ADV.hVEGF165 
injection  site  was  histologically  analyzed.  ICAM-1  staining  shows  no  s.c.  blood 
vessels  in  the  ADV.mEnd-treated  animals  (A)  but  showed  increased  angiogen¬ 
esis  in  the  ADV.DL312-treated  animals  (B).  (xlOO.) 


LLC  for  its  general  resistance  to  conventional  tumor  therapies, 
according  to  the  National  Cancer  Institute  screening  panel  for 
anticancer  drugs.  LLC  cells  (1  x  105)  were  inoculated  s.c.,  and 
after  establishment  of  a  sizable  tumor  after  7  days  (mean  tumor 
volume,  47  mm3;  range,  28-64  mm3),  recombinant  adenovirus 
was  injected  i.v.  by  tail  vein  (in  nine  treatment  and  seven  control 
animals).  A  significant  tumor  reduction  in  the  treatment  group 
was  already  seen  at  day  6  after  virus  injection  (P  =  0.048).  At  day 
26,  when  the  control  animals  had  to  be  killed  for  tumor  burden, 
the  decrease  in  tumor  volume  for  the  endostatin  group  reached 


injection 


Fig.  4.  Delay  of  tumor  engrafting  by  ADV.mEnd.  Recombinant  adenovirus 
was  injected  i.v.  2  days  before  s.c.  implantation  of  1  x  105  JC  cells.  At  12  days 
after  tumor  implantation,  a  statistically  significant  difference  in  tumor  size 
(P  ~  0.01)  between  the  ADV.mEnd-treated  (□)  and  the  control  vector-treated 
(ADV.DL31 2,  •)  groups  was  observed.  Tumor  volume  reduction  at  day  28  was 
60%  for  the  treatment  group  vs.  controls  ( P  -  0.0008).  *,  Statistically  signifi¬ 
cant  at  the  P  =  0.01  level  by  unpaired  Student's  t  test.  Overall  index  of  tumor 
size,  median  ATTV:  ADV.mEnd,  88  mm3;  ADV.DL312,  190  mm3.  P  =  0.003 
(Wilcoxon  rank  sum  test).  There  were  20  mice  per  group.  Bars  indicate  ±  SEM. 
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Fig.  5.  ADV.mEnd  treatment  reduces  tumor  growth  of  preestablished  tumors  and  prevents  formation  of  lung  metastases.  LLC  cells  (1  x  10s)  were  injected  s.c. 
into  nude  mice.  Virus  treatment  by  tail  vein  injection  was  given  at  day  7  (mean  total  volume,  47  mm3).  (A)  At  6  days  after  virus  injection,  the  tumors  in  the 
endostatin  group  (□;  nine  mice)  were  already  significantly  smaller  than  the  controls  (•;  seven  mice).  At  day  26,  the  total  volume  reduction  was  78%  for  the 
treatment  group  vs.  controls  (P  =  0.041).  *,  Statistically  significant  at  the  P  =  0.05  level  by  unpaired  Student's  t  test.  Overall  index  of  tumor  size,  median  ATTV: 
ADV.mEnd,  96  mm3;  ADV.DL312,  208  mm3.  P  =  0.05  (Wilcoxon  rank  sum  test).  (8)  None  of  the  ADV.mEnd-treated  mice  had  lung  micrometastases  as  opposed 
to  100%  of  the  ADV.DL312-treated  controls  who  did  (P  =  0.0001,  Fisher's  exact  test). 


78%  (P  =  0.041)  (Fig.  5/1).  Moreover,  histological  analysis  of  the 
lungs  of  the  LLC-bearing  animals  revealed  that  none  of  the  nine 
ADV.mEnd-treated  animals  developed  lung  micrometastases, 
whereas  all  control  animals  were  found  to  have  tumor  in  the 
lungs  ( P  =  0.0001;  Fig.  55).  Endostatin  serum  levels  were  similar 
as  in  the  above  experiments  with  605-1524  ng/ml  after  treatment 
with  ADV.mEnd  and  165-178  ng/ml  in  the  control  group. 

Persistent  High  Serum  Levels  of  Endostatin  After  a  Single  Injection  of 
ADV.mEnd.  Mean  serum  endostatin  levels,  including  all  of  the 
tumor-bearing  mice,  were  936  ng/ml  (range,  605-1740  ng/ ml)  at 
26-28  days  after  injection  of  ADV.mEnd  and  176  ng/ ml  (range, 
165-190  ng/ml)  for  the  ADV.DL312-treated  groups  ( P  < 
0.0001)  at  the  same  time  period. 

ADV.mEnd  Reduces  Tumor-Induced  Angiogenesis.  Histological  anal¬ 
ysis  by  standard  hematoxylin/eosin  staining  and  immunohisto- 
chemistry  with  ICAM-1  of  both  the  LLC  and  JC  tumors  showed 
decreased  vascularization  in  the  ADV.mEnd-treated  animals 
(Fig.  6).  A  striking  induction  of  angiogenesis  was  especially 
observed  directly  at  the  interface  of  the  tumor  and  the  surround¬ 
ing  s.c.  tissue  in  the  control  vector-treated  JC  tumors  (Fig.  6Dj). 

Discussion 

We  have  constructed  a  recombinant  adenovirus  expressing 
biologically  active  murine  endostatin  (ADV.mEnd)  as  shown  in 
both  in  vitro  and  in  vivo  models  of  angiogenesis.  Treatment  of 
tumor-bearing  nude  mice  with  ADV.mEnd  led  to  a  tumor 
volume  reduction  of  up  to  78%  as  compared  with  the  controls 
and,  more  importantly,  completely  prevented  the  formation  of 
lung  metastases  in  an  LLC  model.  Histological  data  demon¬ 
strated  decreased  tumor  vascularization  and  less  angiogenesis 
around  the  tumor  in  the  endostatin-treated  animals.  Difficulties 
in  large-scale  production  of  recombinant  endostatin  have  been 
hampering  the  transition  to  clinical  trials.  Only  recently,  a  more 
efficient  production  system  of  soluble  endostatin  in  Pichia 
pastoris  was  reported  (6).  However,  the  challenge  of  the  long¬ 
term  storage  of  bioactive  protein  and  the  cumbersome  daily 
administration  remain.  In  this  paper,  we  demonstrated  that  a 
single  injection  of  ADV.mEnd  resulted  in  persistent  high  en¬ 
dostatin  serum  levels  (936  ng/ml),  more  than  30  times  higher 
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Fig.  6.  Reduced  angiogenesis  in  ADV.mEnd-treated  tumors.  (A-F)  Decreased 
tumor  vascularization  could  be  demonstrated  in  all  ADV.mEnd-treated  tu¬ 
mors  [LLC,  hematoxylin/eosin  (A);  JC,  hematoxylin/eosin  (0;  JC,  ICAM-1  (£)] 
as  compared  with  the  controls  [LLC,  hematoxylin/eosin  (8);  JC,  hematoxy¬ 
lin/eosin  (D);  JC,  ICAM-1  (F)l.  (D/)  Markedly  increased  angiogenesis  also  could 
be  observed  at  the  border  zone  between  tumor  and  surrounding  tissue  in  the 
control  group  of  the  JC  tumors.  (A-F,  X100;  Dh  x200.) 
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than  previously  was  reported  with  nonviral  endostatin  gene 
therapy  (7, 8).  The  activity  (ED5o)  of  ADV.mEnd-expressed  and 
purified  endostatin  in  endothelial  cell  proliferation  assays  was 
similar  (15)  or  slightly  lower  (5)  than  that  of  endostatin  obtained 
through  other  expression  systems.  Higher  endostatin  activity  of 
recombinant  endostatin  was  reported  in  only  one  paper,  where 
a  different  in  vitro  assay  (endothelial  cell  migration)  and  in  vivo 
administration  (peritumoral)  were  used  (16).  The  adenovirus- 
mediated  delivery  of  endostatin  was  clearly  superior  (much 
higher  transgene  expression  levels,  treatment  of  larger  prees¬ 
tablished  tumors,  and  complete  prevention  of  metastases)  to  the 
reported  plasmid-based,  nonviral  gene  transfer  methods  (direct 
i.m.  injection  or  liposome  complexed)  (7,  8).  A  positive  corre¬ 
lation  between  endostatin  dose  and  inhibition  of  endothelial  cell 
proliferation  in  vitro  has  been  demonstrated  (5,  17).  Further¬ 
more,  it  also  has  been  reported  that  levels  of  <1  /xg/ml 
endostatin  did  not  induce  endothelial  cell  apoptosis  in  vitro  (17). 
Thus,  the  better  therapeutic  effect  of  the  endostatin  protein 
treatment  as  compared  with  the  ADV.mEnd  therapy  may  be 
caused  by  still  insufficient  expression  levels  of  endostatin  (~1 
H g/ml)  by  the  adenovirus.  Serum  levels  of  endostatin  after 
protein  therapy  have  not  been  reported  thus  far.  However,  the 
effective  dose  of  recombinant  endostatin  protein  for  tumor 
inhibition  (10-20  mg/kg  per  day)  results  probably  in  higher 
circulating  endostatin  levels  than  reported  here,  even  when  the 
relatively  short  half-life  of  the  protein  is  taken  into  account. 

As  recently  shown  in  a  transgenic  multistage  model  of  carci¬ 
nogenesis,  endostatin  was  not  able  to  prevent  the  transition  from 
large  adenomas  into  the  invasive  carcinoma  stage  (18).  This 
occurrence  could  be  the  reason  that,  despite  the  early  statistically 
significant  treatment  effect  of  ADV.mEnd  (6  days  after  virus 
injection),  insufficient  endostatin  levels  may  have  allowed  a 
number  of  cells  to  “escape”  from  therapy  and  to  enter  an  invasive 
state  where  endostatin  was  not  effective  anymore.  As  previously 
demonstrated,  lung  metastases  could  be  inhibited  very  effec¬ 
tively  with  a  50  times  lower  dose  of  recombinant  endostatin 
(0.3  mg/kg)  than  that  used  for  tumor  treatment  (5).  Therein  may 
be  the  explanation  as  to  why  the  ADV.mEnd-generated  endosta¬ 
tin  levels,  albeit  not  high  enough  to  induce  regression  of  prees¬ 
tablished  tumors,  were  sufficient  to  completely  prevent  the 
engraftment  of  circulating  tumor  cells  to  form  lung  microme- 
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tastases.  In  contrast,  only  a  partial  effect  on  metastases  was 
observed  when  a  low-expression  gene  delivery  system  was  used 
(7).  This  finding  provides  important  information,  especially  for 
potential  clinical  applications,  on  the  impact  of  endostatin  serum 
concentrations  on  primary  tumors  and  metastases. 

Circulating  endostatin  levels,  however,  may  not  be  the  only 
explanation  for  the  difference  between  therapy  with  endostatin 
protein  and  with  ADV.mEnd,  because  angiogenesis  is  a  complex 
process  involving  proteolytic  basement  membrane  degradation 
as  well  as  loss  of  adhesion,  migration,  and  proliferation  of 
endothelial  cells.  Different  tissue  deposition  patterns  between 
the  s.c.  administered  protein,  and  the  mostly  hepatically  pro¬ 
duced  and  secreted  endostatin  by  adenovirus  gene  therapy  may 
play  a  role  in  the  control  of  tumor  angiogenesis,  because  it  has 
been  suggested  that  tissue  saturation  at  the  tumor  site  after 
repetitive  treatments  could  also  be  an  important  factor  (2, 19). 
Despite  the  known  facts  about  endostatin  [crystal  structure  (20), 
induction  of  endothelial  cell  apoptosis  (21),  interaction  with 
other  extracellular  matrix  proteins  (22)  and  heparan  sulfate  (23), 
and  some  mutational  analyses  (15, 16,  24)],  much  of  the  molec¬ 
ular  mechanism  of  its  action,  including  the  role  of  zinc  (16,  24), 
remains  elusive. 

In  summary,  we  showed  that  high  circulating  levels  of  biolog¬ 
ically  active  endostatin  could  be  achieved  through  adenovirus- 
mediated  gene  transfer.  To  increase  the  efficacy  of  endostatin 
gene  therapy,  however,  an  increase  of  transgene  expression 
levels  by  choosing  different  promoters/enhancers  and/or  by 
generation  of  fusion  proteins  to  prolong  the  endostatin  half-life 
are  needed.  Further  studies  on  the  molecular  mechanism  of 
endostatin  may  also  provide  new  insights  that  could  be  explored 
for  endostatin  gene  therapy.  Finally,  a  gutless,  nonimmunogenic, 
and  less  toxic  adenovirus  system  that  was  shown  to  permit  stable 
long-term  transgene  expression  in  monkeys  would  have  to  be 
explored  for  potential  human  trials  (25).  In  the  present  form, 
endostatin  gene  therapy  does  not  provide  a  cure  for  cancer; 
however,  it  may  be  very  useful  in  conjunction  with  other  cancer 
treatment  modalities. 
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Inhibition  of  angiogenesis  by  endostatin  gene  transfer  has  been  shown  to  be  an  effective  strategy 
in  cancer  therapy  in  mice.  However,  in  addition  to  the  reduction  of  the  quantity  of  tumor 
vasculature  qualitative  effects  on  composition  and  degree  of  tumor  vessel  maturation  might  also 
play  an  important  role  in  the  therapeutic  success.  To  test  this  hypothesis,  we  systematically 
evaluated  the  composition  of  tumor  vasculature  in  a  nude  mice  breast  cancer  model  comparing 
mice  treated  by  endostatin  gene  transfer  (group  A,  n=5)  to  control  vector  treated  animals  (group 
B,  n=5).  We  have  constructed  a  recombinant  adenovirus  expressing  murine  endostatin  that  is 
biologically  active  both  in  vitro  and  in  vivo.  Persistent  high  serum  levels  of  endostatin  (605-1740 
ng/ml;  mean  936  ng/ml)  were  achieved  after  systemic  administration  of  the  vector  to  nude  mice 
which  resulted  in  significant  reduction  of  the  growth  rates  and  the  volumes  of  JC  breast 
carcinoma  (p<0.001).  Tumor  tissue  was  formalin  fixed  and  processed  for  HE  and 
immunohistochemical  staining  detecting  a-actin  and  von  Willebrand  factor  (vWF)  protein. 
Quantitative  morphometric  analysis  was  performed.  Overall  mean  vessel  area  per  field  was 
significantly  lower  in  group  A  (p=0.004).  In  addition,  the  endostatin  vector  treatment  nearly 
completely  prevented  the  formation  of  a-actin  and  vWF  positive  tumor  vessels  (p=0.0001)  As  a 
result  tumor  vessel  composition  was  significantly  changed.  Our  data  indicate  effects  of 
endostatin  protein  not  only  on  initiation  of  tumor  vessel  growth  but  also  on  maturation  and 
differentiation. 


Endostatin  gene  transfer  inhibits  tumor  vessel  maturation  proportionally  to  transgene 
expression  levels 
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Background:  Inhibition  of  angiogenesis  by  endostatin  gene  transfer  has  been  shown  to  be  an 
effective  strategy  in  cancer  therapy  in  mice.  Endostatin  is  known  to  reduce  the  number  of 
tumor  vessels,  however,  potentially  important  effects  of  endostatin  therapy  on  tumor  vessel 
maturation  have  not  been  investigated.  Methods  and  Results:  To  investigate  the  effect  of 
endostatin  on  tumor  angiogenesis,  we  first  constructed  a  recombinant  adenovirus  expressing 
murine  endostatin  that  was  tested  for  biological  activity  both  in  vitro  and  in  vivo.  We  then 
systematically  evaluated  the  composition  of  tumor  vasculature  in  a  nude  mice  breast  cancer 
model  comparing  mice  treated  by  endostatin  gene  transfer  (group  A,  n=10)  with  control 
vector  treated  animals  (group  B,  n=10).  Persistent  high  serum  levels  of  endostatin  (605-1740 
ng/ml;  mean  936  ng/ml)  were  achieved  after  systemic  administration  of  the  vector  to  nude 
mice  which  resulted  in  significant  reduction  of  the  growth  rates  and  the  volumes  of  JC  breast 
carcinoma.  Tumor  tissue  was  formalin  fixed  and  processed  for  HE  and  immunohistochemical 
staining  detecting  alpha-actin  and  CD  31  protein.  Quantitative  morphometric  analysis  was 
performed.  Overall  mean  vessel  area  per  field  was  significantly  lower  in  the  endostatin 
treated  group  (p<0.05).  In  addition,  the  endostatin  vector  treatment  almost  completely 
prevented  the  formation  of  alpha-actin  positive  tumor  vessels  compared  to  controls  (p=0.01). 
Most  interestingly,  only  the  density  of  alpha-actin  positive  tumor  vessels,  but  not  the  total 
number  of  tumor  vessels,  correlated  negatively  with  endostatin  transgene  levels  of  individual 
animals  (r=-0.58,  p=0.018).  As  a  result  tumor  vessel  composition  as  indicated  by  the  ratio  of 
alpha-actin  positive  to  overall  tumor  vessel  density  was  significantly  changed.  Conclusions : 
Our  data  indicate  that  endostatin  affects  not  only  the  number  of  tumor  vessels  but  also 
induces  a  dose  dependent  shift  from  alpha-actin  positive  to  alpha-actin  negative  tumor 
vessels.  This  strongly  suggests  that  endostatin  influences  the  complex  process  of  vessel 
maturation  possibly  by  interfering  with  vessel  pruning  or  pericyte  recruitment. 
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SUMMARY 


Conditionally  replicating  adenoviruses  (CRADs)  are  a  novel  strategy  in  cancer  treatment 
and  clinical  trials  using  CRADs  targeted  to  tumor  cells  have  been  reported  recently.  We 
hypothesized  that  it  would  be  possible  to  construct  CRADs  targeted  to  dividing 
endothelial  cells,  which  are  present  in  the  tumor  endothelium.  We  utilized  the  regulatory 
elements  of  Flk-1  and  endoglin  genes,  which  have  been  shown  to  be  highly 
overexpressed  in  angiogenic  endothelial  cells,  to  construct  two  CRADs:  Ad.Flk-1,  which 
has  adenoviral  El  A  gene  under  the  control  of  the  Flk-1  enhancer/promoter,  and  Ad.Flk- 
Endo,  which  harbors  the  same  Flk-1  enhancer/promoter  as  Ad.Flk-1,  plus  it  has  the 
adenoviral  E1B  gene  under  control  of  the  endoglin  promoter.  Viral  titer  measurements  by 
plaque  assay  showed  that  in  human  umbilical  vein  endothelial  cells  (HUVECs),  both 
CRADs  replicated  at  levels  comparable  to  that  of  wild-type  adenovirus.  In  Flk-1  and 
endoglin  negative  Hep3B  and  A549  cells,  however,  the  replication  of  Ad.Flk-1  and 
Ad.Flk-Endo  was  reduced  by  30-fold  and  600-fold,  respectively.  Cytotoxicity  assays 
demonstrated  that  both  CRADs  killed  HUVECs  as  effectively  as  wild-type  adenovirus 
and  their  cytotoxicity  in  Hep3B  and  A549  cells  was  comparable  to  nonreplicating  control 
adenovirus.  Furthermore,  there  was  a  striking  inhibition  (83%  -  91%)  of  capillary 
network  formation  in  an  in  vitro  angiogenesis  assay  when  HUVECs  were  infected  with 
Ad.Flk-1  or  Ad.Flk-Endo  as  compared  to  the  nonreplicating  control  virus.  These  results 
demonstrate  that  CRADs  can  be  transcriptionally  targeted  to  dividing  endothelial  cells 
with  high  specificity,  and  that  the  combined  use  of  Flk-1  and  endoglin  regulatory 
elements  has  a  synergistic  effect  on  targeting  specificity.  This  principle  may  be 
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incorporated  into  novel  therapeutic  agents  to  develop  anti-angiogenic  treatment  for 
cancer. 

Keywords:  adenovirus,  gene  therapy,  transcriptional  targeting,  anti-angiogenesis,  cancer 


treatment 


INTRODUCTION 
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Conditionally  replicating  viruses  are  a  novel  approach  to  cancer  treatment  and  the  focus 
of  intense  study.1,2  Most  initial  cancer  gene  therapy  experiments  have  been  carried  out 
using  replication-defective  viruses,  which  are  by  definition  limited  in  their  ability  to 
infect  and  spread  to  neighboring  cancer  cells.  Replication-selective  oncolytic  viruses 
provide  an  attractive  alternative  to  cancer  treatment,  as  they  are  able  to  replicate  in  tumor 
cells  and  spread  to  neighboring  cells  upon  cell  lysis.  In  addition  to  conditionally 
replicating  adenoviruses  (CRADs),  herpes  simplex  virus- 1,  vaccinia  virus,  reo virus  and 
Newcastle  Disease  virus  have  been  tested  for  oncolytic  purposes  in  clinical  trials.  Two 
main  strategies  have  been  utilized  to  construct  tumor-targeted  CRADs.  The  first  one 
involves  the  use  of  tumor-  or  tissue-specific  promoters,  such  as  MUC1,  AFP,  PSA, 
kallikrein-2  and  pS2  to  drive  adenoviral  genes  that  are  essential  for  replication.4'8  This 
approach  has  been  successful  in  animal  experiments  and  the  prostate-specific  viruses  CN- 
706  and  CV-787  are  being  tested  in  clinical  trials.  The  second  strategy  is  based  on 
deleting  adenoviral  genes  that  become  dispensable  in  cancer  cells,  such  as  the  El  A  and 
E1B  genes  responsible  for  inactivating  tumor  suppressor  p53  and  Rb  genes,  thereby 
enabling  the  virus  to  selectively  replicate  in  tumor  cells.9,10  This  strategy  has  also  been 
effective  in  vivo  and  some  level  of  efficacy  has  also  been  reported  in  a  clinical  trial 
combining  the  E1B  55kDa-deleted  Onyx-015  virus  with  chemotherapy.11  However,  a 
major  limitation  of  tumor-targeted  CRADs  is  their  relatively  poor  efficiency  to  spread  in 
the  tumor  mass,  thereby  requiring  repeated  viral  injections  administered  at  multiple  sites 
and  over  several  days.11,12 


5 


While  most  endothelial  cells  are  normally  quiescent,  angiogenesis,  the  formation  of  new 
blood  vessels  is  essential  for  certain  physiological  processes  such  as  female  reproductive 
cycle  and  wound  healing.  In  addition,  many  studies  have  shown  that  tumor  growth  is 
dependent  on  angiogenesis,  thus  providing  a  rationale  for  anti-angiogenic  therapy  for 
cancer.13,14  Angiogenesis  is  a  complex  multicomponent  process,  involving  many  growth 
factors  and  their  receptors,  cytokines,  proteases  and  adhesion  molecules,  providing 
multiple  targets  for  therapeutic  intervention.15,16  In  addition,  many  endogenous  proteins 
or  protein  fragments  have  been  shown  to  have  anti-angiogenic  properties.  ’  ’  Targeting 
a  CRAD  to  the  tumor  endothelium  offers  a  novel  approach  to  anti-angiogenic  therapy  for 
cancer. 

Targeting  the  vessels  of  the  tumor  instead  of  the  tumor  itself  potentially  offers  enhanced 
viral  spread  via  the  tumor’s  blood  supply.  In  addition,  as  the  target  is  the  genetically 
normal  endothelial  cell,  resistance  to  treatment  due  to  somatic  mutations  in  the  target  cell 
does  not  occur.  In  order  to  transcriptionally  target  the  dividing  endothelial  cell,  promoters 
of  genes  with  specificity  for  these  cells  can  be  utilized.  Flk-1  (also  called  KDR  and 
VEGFR-2)  is  a  high-affinity  tyrosine  kinase  receptor  for  the  angiogenic  growth  factor, 
VEGF.  Flk-1  is  essential  for  endothelial  cell  differentiation  and  vasculogenesis  and  is 
expressed  by  endothelial  cells  or  their  precursors  during  development.19,20  Flk-1 
expression  is  suppressed  in  adult  endothelium,  but  is  highly  induced  in  the  newly  formed 
blood  vessels  in  a  variety  of  human  tumors.19,21,22  In  a  recent  Flk-1  promoter 
characterization  study  a  939-bp  promoter  fragment  in  combination  with  a  510-bp 
enhancer  element  in  the  first  intron  specifically  targeted  lacZ  expression  to  angioblasts 
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and  endothelial  cells  of  transgenic  mice.23  When  various  tumors  were  grown  in  these 
mice,  strong  tumor  endothelium-specific  reporter  gene  expression  was  observed,  while 
being  absent  from  most  blood  vessels  in  normal  adult  tissue.24  Endoglin  (CD105)  is  a  cell 
surface  component  of  the  TGF-J3  receptor  complex,  which  is  preferentially  expressed  by 
endothelial  cells.  A  detailed  expression  study  demonstrated  that  endoglin  expression  was 
strongly  elevated  in  the  angiogenic  endothelium  and  that  endoglin  expression  correlated 

with  cell  proliferation  markers.25  A  741 -bp  fragment  of  the  endoglin  promoter  displayed 

26 

tissue-specific  activity  in  dividing  human  and  bovine  endothelial  cells. 

The  goal  of  the  current  study  was  to  determine  whether  replicating  adenoviruses  could  be 
targeted  to  dividing  endothelial  cells.  To  this  end,  we  constructed  two  CRADs  targeting 
the  dividing  endothelial  cells  via  Flk-1  and  endoglin  regulatory  elements. 


RESULTS 

Construction  of  Recombinant  Ad.Flk-1  and  Ad.Flk-Endo  Vectors 

In  order  to  construct  an  adenovirus  that  replicates  selectively  in  Flk-1  positive  cells, 
plasmid  pFlk-1  was  created  by  deleting  the  proximal  adenovirus  E1A  promoter  (bp  357 
to  547)  from  pXCl  containing  adenovirus  5  sequences  from  bp  22  to  5790  and  replacing 
it  with  the  1433  bp  Flk-1  enhancer/promoter  construct.  To  construct  a  virus  that  replicates 
selectively  in  Flk-1  and  endoglin  positive  cells,  plasmid  pFlk-Endo  was  constructed  by 
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inserting  the  741  bp  Endoglin  promoter  at  bp  1691  of  pFlk-1,  before  the  transcription  start 
site  of  the  adenovirus  E1B  gene.  Adenoviruses  Ad.Flk-1  and  Ad.Flk-Endo  were  produced 
by  co-transfecting  the  El -complementing  293  cells  with  backbone  plasmid  pBHGlO, 
which  harbors  the  rest  of  the  adenoviral  genome  except  for  a  deletion  of  the  E3  gene 
region,  with  plasmids  pFlk-1  and  pFlk-Endo,  respectively  (Fig  1).  The  genome  lengths  of 
Ad.Flk-1  and  Ad.Flk-Endo  are  97%  and  99%  of  wild-type  Ad5,  respectively. 

Selection  and  Characterization  of  Target  Cells 

Human  primary  cells  and  cell  lines  were  used  to  assess  the  selectivity  of  Ad.Flk-1  and 
Ad.Flk-Endo  viral  replication  and  cytotoxicity.  HUVECs  represent  the  dividing 
endothelial  cell  population  and  as  expected,  RT-PCR  analysis  demonstrated  high  levels 
of  both  Flk-1  and  endoglin  expression  (Fig  2).  Therefore,  these  cells  could  be  used  as 
target  cells  in  evaluating  the  efficiency  of  Ad.Flk-1  and  Ad.Flk-Endo.  In  contrast,  no  Flk- 
1  or  endoglin  expression  was  detected  in  Hep3B  and  A549  cells,  making  these  cell  lines 
suitable  negative  controls  (Fig  2).  As  very  little  Flk-1  or  endoglin  is  expressed  in  vivo 
outside  the  tumor  endothelial  cell  population,  Hep3B  and  A549  cells  can  be  used  to 
analyze  the  cytotoxicity  of  the  viruses  in  non-target  cells.  ’  ’ 

In  order  to  analyze  the  adenoviral  transduction  efficiency  of  the  different  cell  types  used, 
HUVECs,  Hep3B  and  A549  cells  were  transduced  with  increasing  concentrations  of  El- 
deleted  P-gal  virus  and  the  transduction  efficiency  was  determined  by  (3-gal  staining  (data 
not  shown).  Hep3B  cells  were  transduced  most  efficiently,  with  viral  doses  of  2x1 05 
pfu/ml  and  2xl06  pfu/ml  resulting  in  transduction  efficiencies  of  10%  and  30%, 
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respectively.  A  ten-fold  increase  in  viral  dose  was  required  to  achieve  comparable 
transduction  efficiencies  in  A549  cells,  with  viral  doses  of  2xl06  pfu/ml  and  2xl07  pfu/ml 
resulting  in  transduction  efficiencies  of  10%  and  20%,  respectively.  HUVECs  were  the 
most  difficult  to  transduce,  with  viral  doses  of  2xl07  pfu/ml  and  2x1 08  pfu/ml  resulting  in 
transduction  efficiencies  of  10%  and  25%,  respectively.  The  viral  concentrations  in 
subsequent  experiments  were  adjusted  accordingly,  allowing  direct  comparison  for  the 
effect  of  transcriptional  targeting. 

Selective  Replication  of  Ad.Flk-1  and  Ad.Flk-Endo 

From  the  oncolysis  point  of  view,  the  most  important  quality  of  conditionally  replicating 
viruses  is  their  ability  to  productively  and  selectively  replicate  in  the  target  cells.  To 
assess  the  selective  viral  replication,  HUVECs,  A549  and  Hep3B  cells  were  infected  by 
Ad.Flk-1,  Ad.Flk-Endo  and  wild-type  Ad5,  and  viral  progeny  production  was  measured 
by  a  series  of  plaque  assays.  In  HUVECs,  Ad.Flk-1  and  Ad.Flk-Endo  viruses  replicated 
at  levels  comparable  to  that  of  wild-type  Ad5.  In  Hep3B  and  A549  cells,  however,  the 
viral  titer  of  Ad.Flk-1  was  reduced  approximately  30-fold.  Interestingly,  Ad.Flk-Endo 
had  an  even  higher  specificity  ratio,  with  replication  levels  reduced  120-fold  in  A549  and 
600-fold  in  Hep3B  cells  (Fig.  3).  The  high  replication  specificity  of  Ad.Flk-Endo 
demonstrates  that  the  combined  use  of  Flk-1  and  endoglin  regulatory  elements  has  a 
synergistic  effect  on  targeting  specificity. 
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Targeted  Cell  Lysis  by  Ad.Flk-1  and  Ad.Flk-Endo 

To  evaluate  if  selective  replication  of  Ad.Flk-1  and  Ad.Flk-Endo  would  translate  into 
selective  cytotoxicity,  a  series  of  trypan  blue  exclusion  assays  was  performed.  HUVECs, 
Hep3B  and  A549  cells  were  infected  with  Ad.Flk-1  and  Ad.Flk-Endo,  while  wild-type 
and  El -deleted  P-gal  viruses  were  used  as  positive  and  negative  controls,  respectively.  At 
48  hours  postinfection,  HUVECs  infected  with  Ad.Flk-1,  Ad.Flk-Endo  and  wild-type 
virus  showed  marked  reduction  of  living  cells  as  compared  with  cells  transduced  with 
El -deleted  P-gal  virus  (Fig.  4).  At  72  hours  the  difference  was  even  clearer,  with  almost 
complete  cytotoxicity  in  cells  infected  with  Ad.Flk-1,  Ad.Flk-Endo  and  wild-type  virus. 
Ad.Flk-Endo  was  somewhat  more  cytotoxic  than  Ad.Flk-1  at  both  time  points.  In 
contrast,  a  clear  difference  between  the  cytotoxicity  of  wild-type  and  conditionally 
replicating  viruses  was  observed  in  Flk-1  and  endoglin  negative  Hep3B  and  A549  cells. 
The  wild-type  virus  efficiently  killed  most  Hep3B  and  A549  cells  already  at  48  hours 
postinfection,  whereas  Ad.Flk-1  and  Ad.Flk-Endo  caused  only  minimal  cytotoxicity.  At 
72  hours,  when  viral  replication  had  progressed,  the  difference  was  more  profound,  in 
Hep3B  cells  infected  with  Ad.Flk-1  and  Ad.Flk-Endo  the  number  of  living  cells  was  17.3 
and  18.8  times  higher,  respectively,  when  compared  to  cells  infected  with  wild-type 
virus.  Similar  ratios  were  observed  for  A549  cells,  with  the  number  of  living  cells 
infected  with  Ad.Flk-1  and  Ad.Flk-Endo  being  22.6  and  22.0  times  higher,  respectively, 
when  compared  to  cells  infected  with  wild-type  virus  at  72  hours  (Fig.  4).  Although  some 
cytotoxicity  was  observed  when  comparing  Ad.Flk-1  and  Ad.Flk-Endo  to  El -deleted  P- 
gal  virus  in  Hep3B  and  A549  cells,  the  difference  was  not  statistically  significant.  The 
cytotoxicity  of  CRADs  on  a  particular  cell  type  depends  not  only  on  the  rate  of 
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replication  but  also  on  the  infectivity  of  the  cell.28  This  was  demonstrated  when  Hep3B 
cells,  which  are  very  efficiently  infected  by  Ad5,  were  infected  with  2xl07  pfu/rnl  of 
Ad.Flk-1  and  Ad.Flk-Endo,  which  resulted  in  a  60%  transduction  efficiency,  cytotoxicity 
was  observed. 

Cytopathic  effect  was  also  visualized  by  examining  infected  Hep3B  and  HUVEC 
monolayers  (Fig.  5).  Infection  of  HUVECs  with  Ad.Flk-1,  Ad.Flk-Endo  and  wild-type 
virus  caused  profound  cytotoxicity  at  48  hours  postinfection  with  rounding  and 
detachment  of  almost  all  cells  (Fig.  5).  In  contrast,  infection  of  Hep3B  control  cells  with 
Ad.Flk-1  and  Ad.Flk-Endo  caused  no  discernible  cytotoxicity  at  48  hours  postinfection, 
whereas  infection  of  Hep3B  cells  with  the  same  concentration  of  wild-type  virus  caused 
complete  cytotoxicity.  The  results  demonstrate  that  the  selective  replication  of  Ad.Flk-1 
and  Ad.Flk-Endo  translated  also  into  specific  cell  killing  of  the  target  cells. 

Effect  of  Ad.Flk-1  and  Ad.Flk-Endo  on  Capillary  Tube  Formation 

Angiogenesis  is  a  complex  process  characterized  by  endothelial  cell  proliferation, 
differentiation  and  migration.  In  order  to  evaluate  the  effect  of  Ad.Flk-1  and  Ad.Flk- 
Endo  infection  on  these  processes,  HUVECs  infected  with  Ad.Flk-1,  Ad.Flk-Endo  and 
control  viruses  were  plated  on  wells  precoated  with  Matrigel  basement  membrane  matrix. 
8  hours  after  plating,  HUVECs  infected  with  the  El -deleted  (3 -gal  virus  as  well  as 
uninfected  cells  were  able  to  form  a  network  of  capillary-like  structures  and  by  24  hours 
after  plating  these  structures  covered  most  of  the  well.  In  contrast,  HUVECs  infected 
with  Ad.Flk-1,  Ad.Flk-Endo  or  wild-type  virus  failed  to  differentiate  (Fig.  6).  When 
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compared  with  cells  infected  with  El -deleted  P-gal  virus  the  number  of  capillary-like 
structures  was  91%  and  83%  less  with  cells  infected  with  Ad.Flk-1  and  Ad.Flk-Endo, 
respectively.  These  results  were  statistically  significant  (p<0.01)  and  there  was  no 
statistical  significance  in  the  inhibition  efficiency  between  Ad.Flk-1,  Ad.Flk-Endo  and 
wild-type  virus.  Thus,  infection  with  Ad.Flk-1  or  Ad.Flk-Endo  efficiently  inhibits 
angiogenesis  in  vitro. 


DISCUSSION 

In  this  communication  we  describe  two  novel  adenoviruses,  Ad.Flk-1  and  Ad.Flk-Endo, 
which  target  the  expression  of  adenoviral  El  A  and  E1B  genes  to  dividing  endothelial 
cells  by  Flk-1  and  endoglin  promoters,  respectively.  We  show  that  Ad.Flk-1  and  Ad.Flk- 
Endo  possess  significant  differential  replication  ratios  in  Flk-1  and  endoglin  positive  cells 
as  compared  with  cells  where  these  genes  are  not  expressed.  Flk-1  is  an  endothelial-cell 
specific  gene,  which  in  contrast  to  other  endothelial  genes  that  are  expressed 
constitutively,  is  absent  from  most  vascular  beds  of  the  adult  organism  but  is  strongly  and 
specifically  induced  in  the  dividing  endothelial  cells  of  the  tumor  endothelium.  ’ 
Endoglin  has  a  similar  expression  pattern  with  selective  expression  in  endothelial  cells 
and  strong  upregulation  especially  in  the  endothelium  of  the  tumor  edges,  where  active 
cell  division  occurs.25’29  Some  endoglin  expression  has  also  been  reported  in  cells  of  the 
hematopoietic  lineage 29  Fortunately,  hematopoietic  stem  cells  and  erythroid  precursors 
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are  highly  resistant  to  adenovirus  infection.30,31  Therefore,  a  therapeutic  agent  targeting 
Flk-1  and  endoglin  positive  cells  should  be  highly  specific  for  tumor  vasculature. 

We  chose  El  A  as  the  target  for  transcriptional  regulation  because  it  has  been  shown  to  be 
the  major  regulator  of  adenoviral  replication.  E1B  was  chosen  to  further  increase 
specificity  as  it  is  also  essential  for  proper  viral  replication  and,  importantly,  the 
expression  levels  of  E1B  do  not  depend  on  El  A,  thereby  allowing  adenoviral  replication 
to  be  regulated  by  two  independent  elements.  Similar  strategies  have  previously  been 
utilized  in  constructing  viruses  which  target  prostate,  breast  and  liver  tumor  cells.4'8 
However,  no  replicating  viruses  targeting  the  dividing  endothelial  cells  have  previously 
been  reported. 

In  HUVECs,  the  replication  of  Ad.Flk-1  and  Ad.Flk-Endo  was  increased  30-fold  and 
600-fold,  respectively,  when  compared  to  Flk-1  and  endoglin  negative  control  cells  (Fig. 
3).  These  selective  replication  ratios  are  comparable  to  those  obtained  with  previously 
reported  tumor-targeted  CRADs.  The  high  specificity  of  Ad.Flk-Endo  demonstrates  that 
the  use  of  two  separate  regulatory  elements  has  a  synergistic  effect  on  targeting 
specificity.  A  similar  increase  in  specificity  has  been  reported  for  CV764,  which  has  two 
separate  prostate  carcinoma-specific  promoters  driving  El  A  and  E1B.7  Ad.Flk-1  and 
Ad.Flk-Endo  were  also  able  to  cause  selective  cytotoxicity  as  they  killed  Flk-1  and 
endoglin  positive  HUVECs  as  efficiently  as  wild-type  virus,  but  in  Flk-1  and  endoglin 
negative  Hep3B  and  A549  cells  the  wild-type  virus  was  approximately  20  times  more 
cytotoxic.  It  is  notable  that  the  therapeutic  ratios  of  many  conventional  cytotoxic  drugs 
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range  from  1.5:1  to  6:1. 33  Furthermore,  there  was  no  statistical  significance  when  the 
cytotoxicity  of  Ad.Flk-1  and  Ad.Flk-Endo  was  compared  to  the  El -deleted  control  virus 
(Fig.  4).  These  results  clearly  demonstrate  that  Ad.Flk-1  and  Ad.Flk-Endo  are  able  to 
specifically  replicate  in,  and  kill,  Flk-1  and  endoglin  positive  cells.  It  is  still  possible, 
however,  that  some  cytotoxicity  can  be  caused  by  leakiness  of  the  Ad.Flk-1  and  Ad.Flk- 
Endo  promoter  constructs,  especially  in  cell  lines  that  are  very  efficiently  infected  by 
Ad5. 


As  angiogenesis  is  a  complex  process  characterized  by  endothelial  cell  proliferation, 
differentiation,  invasion  and  migration,  the  effect  of  Ad.Flk-1  and  Ad.Flk-Endo  on  these 
processes  was  also  evaluated  in  Matrigel  assays,  which  mimic  angiogenesis  in  vitro. 
Ad.Flk-1  and  Ad.Flk-Endo  were  very  effective  in  hindering  the  angiogenic  process  and  it 
is  notable  that  they  inhibited  angiogenesis  already  at  32  hours  postinfection,  well  before 
any  cytotoxicity  due  to  viral  replication  could  be  observed.  This  indicates  that  these 
viruses  efficiently  inhibit  angiogenesis,  at  least  in  vitro,  already  at  low  levels  of  viral 
replication. 

The  development  of  replication-competent  vectors  is  an  attractive  alternative  strategy  to 
using  replication-defective  viruses  in  cancer  treatment.  By  specifically  replicating  in  the 
target  cells,  CRADs  deliver  the  therapeutic  vector  at  the  intended  site  of  action,  keeping 
the  therapeutic  dose  to  a  minimum.34  However,  the  efficacy  of  CRADs  targeting  tumor 
cells  has  thus  far  been  limited,  due  at  least  in  part  to  limited  spread  of  the  virus  in  solid 
tumor  tissues.  CRADs  targeting  the  tumor  endothelium  instead  of  the  tumor  itself  should 
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be  able  to  spread  in  the  tumor  via  its  blood  supply.  Furthermore,  as  the  target  cell  is 
genetically  stable,  therapy  resistance  due  to  somatic  mutations  is  not  anticipated.  Other 
advantages  of  endothelial  targeting  include  easy  reach  of  target  tissue  upon  intravenous 
administration  and  the  amplification  effect  on  tumor  killing,  as  one  endothelial  cell  is 
known  to  support  the  nutritional  needs  of  approximately  100  tumor  cells.35  The 
amplification  effect  was  elegantly  illustrated  in  a  recent  report  comparing  the  anti-tumor 
efficacies  of  tumor  vs.  tumor  endothelium  infecting  retroviruses  expressing  the  herpes 
simplex  virus-thymidine  kinase  (HSV-tk)  cytotoxic  gene.  The  therapeutic  effect  in 
tumors  with  HSV-tk  infected  vasculature  comprising  less  than  5%  of  the  total  tumor  mass 
was  similar  to  that  of  tumors  with  HSV-tk  infected  tumor  cells  comprising  over  46%  of 
the  total  tumor  mass.36  This  is  an  encouraging  result  for  targeted  anti-angiogenic 
strategies  such  as  described  here  as  it  indicates  that  infection  of  relatively  few  tumor 
endothelial  cells  results  in  a  strong  anti-tumor  effect. 

The  oncolytic  effect  of  CRADs  on  a  particular  cell  type  depends  not  only  on  the  rate  of 
replication  but  also  on  the  infectivity  of  the  cell.28  As  tumor  endothelial  cells  are  not  very 
susceptible  to  Ad5  infection,  the  CRADs  described  here  are  best  suited  for  local  or 
regional  (e.g.  selective  canulation  of  tumor-feeding  vessels)  administration  in  vivo.  In 
order  to  improve  the  selectivity  and  efficacy  of  transcriptionally  targeted  viruses  like 
Ad.Flk-1  and  Ad.Flk-Endo,  they  can  be  further  optimized  by  combining  them  with 
transductional  targeting  e.g.  through  genetic  modification  of  the  viral  capsid.  Recent 
advances  in  adenovirus  and  tumor  biology  should  make  such  targeting  possible.  The 
binding  site  of  the  Coxsackie-  and  Adenovirus  Receptor  (CAR)  on  the  adenovirus  fiber. 
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which  is  a  major  determinant  of  adenovirus  tropism,  has  recently  been  described.  It  was 
also  demonstrated  that  by  deleting  this  binding  site  and  adding  a  targeting  ligand  to  the 
adenovirus  fiber,  the  modified  vector  could  be  successfully  retargeted.37  In  order  to 
retarget  Ad.Flk-1  and  Ad.Flk-Endo,  ligands  homing  to  sites  of  neoangiogenesis  must  be 
used.  Such  ligands  have  been  recently  discovered,  thereby  making  it  possible  to  construct 
CRADs  targeting  the  tumor  endothelium  by  both  transcriptional  and  transductional 
mechanisms.38,39  The  construction  of  such  viruses  is  under  way  in  our  laboratory. 

In  summary,  we  demonstrate  here  for  the  first  time  the  feasibility  of  targeting  replication- 
competent  adenoviruses  to  dividing  endothelial  cells  with  great  specificity.  This  principle 
has  the  potential  to  improve  gene  therapy  strategies  directed  at  disseminated  tumors. 


MATERIALS  AND  METHODS 

Construction  of  Ad.Flk-1  and  Ad.Flk-Endo 

Plasmid  pXCl,  which  contains  human  adenovirus  5  sequences  from  bp  22  to  5790,  was 
purchased  from  Microbix  (Microbix  Biosystems  Inc.,  Toronto,  Canada).  For  insertion  of 
the  Flk-1  enhancer/promoter  a  unique  Agel  site  was  created  in  the  adenovirus  El  A 
promoter  of  pXCl  by  overlapping  PCR  as  follows.  The  first  primer  pair 
(TCGTCTTC  A  AG  A  ATT  CTC  AT  G  (sense)  and  TTTCAGTCACCGGTGTCGGA 
(antisense))  produced  a  PCR  fragment  from  the  unique  EcoRI  site  in  the  PBR322 
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backbone  of  pXCl  to  the  new  Agel  site  at  position  547.  The  second  primer  pair 
(TCCGACACCGGTGACTGAAA  (sense)  and  GCATTCTCTAGACACAGGTG 
(antisense))  produced  a  PCR  fragment  from  the  new  Agel  site  to  a  unique  Xbal  site  at 
position  1339.  Combining  equal  amounts  of  the  two  PCR  products,  a  third  PCR  was 
performed  with  the  two  outside  primers,  cut  with  EcoRI  and  Xbal,  and  cloned  into 
similarly  cleaved  pUC19  to  yield  pUCElA.  This  plasmid  was  cut  with  unique  enzymes 
SacII  at  position  357  and  Agel  at  position  547  to  delete  the  endogenous  adenovirus  El  A 
promoter. 

In  order  to  amplify  the  Flk-1  enhancer  and  promoter  liver  tissue  from  a  BALB/c  mouse 
was  homogenized,  and  DNA  was  extracted  using  DNeasy  Tissue  Kit  (Qiagen  Inc., 
Valencia,  CA).  A  923-bp  Flk-1  promoter  element  was  amplified  using  specific  primers 
based  on  published  sequence:  ATTTAGCGGCCGCAGTTCACAACCGAAATGTCTTC 
(sense  primer  with  Notl  linker)  and  AGTTTACCGGTATCCTGCACCTCGCGCTG 
(antisense  primer  with  Agel  linker).40  A  510-bp  Flk-1  enhancer  element  was  amplified 
using  specific  primers  based  on  published  sequence:  TCCCCGCGGTAAATGTGCTGT- 
CTTTAGAAG  (sense  primer  with  SacII  linker)  and  AATATGCGGCCGCTCCAA- 
TAGGAAAGCCCTTC  (antisense  primer  with  Notl  linker).23  The  promoter  and  enhancer 
fragments  were  cut  with  Notl-Agel  and  SacII-Notl,  respectively,  and  cloned  into 
similarly  cut  pUCElA  to  yield  pUCElA-Flkl.  The  modified  El  A  fragment  containing 
the  Flk-1  enhancer/promoter  was  released  from  pUCElA-Flkl  by  EcoRI-Xbal  digestion 
and  cloned  into  EcoRI-Xbal  digested  pXCl  to  yield  pFlk-1  (Fig.  1). 
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In  order  to  construct  pFlk-Endo  a  unique  BlpI  restriction  was  created  in  pFlk-1  by 
overlapping  PCR  as  follows.  The  first  primer  pair  (TCACCTGTGTCTAGAGAATGC 
(sense)  and  GTAACCAAGCTTAGCCCACG  (antisense))  produced  a  PCR  fragment 
from  the  unique  Xbal  site  of  pFlk-1  to  the  new  BlpI  site  at  position  1690  of  adenovirus 
sequence.  The  second  primer  pair  (CGTGGGCTAAGCTTGGTTAC  (sense)  and 
CCAGAAAATCCAGCAGGTACC  (antisense))  produced  a  PCR  fragment  from  the  new 
BlpI  site  to  a  unique  Kpnl  site  of  pFlk-1.  Combining  equal  amounts  of  the  two  PCR 
products,  a  third  PCR  was  performed  with  the  two  outside  primers,  cut  with  Xbal  and 
Kpnl,  and  cloned  into  Xbal-Kpnl  digested  pFlk-1  to  yield  pFlk-BlpI,  which  now  has  a 
unique  BlpI  site  before  the  transcription  start  site  of  E1B. 

In  order  to  amplify  the  endoglin  promoter  human  DNA  was  extracted  from  whole  blood 
using  QIAamp  DNA  Blood  Mini  Kit  (Qiagen).  A  741 -bp  endoglin  promoter  was 
amplified  using  specific  primers  based  on  published  sequence: 
GATCATGCTAAGCGATCCCAGCGCTACCATCTTC  (sense  primer  with  BlpI  linker) 
and  TATAATGCTTAGCGTGGGGGCCTGTGCGCTGG  (antisense  primer  with  BlpI 
linker).26  The  promoter  fragment  was  cut  with  BlpI  and  cloned  into  similarly  cleaved 
pFlk-1-BlpI  to  yield  pFlk-Endo  (Fig.  1).  The  sequence  of  all  PCR  fragments  in  pFlk-1 
and  pFlk-Endo  were  verified  by  sequencing. 

Recombinant  adenoviruses  Ad.Flk-1  and  Ad.Flk-Endo  were  prepared  by  co-transfecting 
293  cells  with  plasmids  pFlk-1  and  pFlk-Endo  with  backbone  plasmid  pBHGlO 
(Microbix),  which  contains  an  El  deletion  of  bp  188-1339  and  an  E3  deletion  of  bp 
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28133-30818,  as  described.41  Recombinant  adenovirus  was  isolated  from  a  single  plaque, 
expanded  in  293  cells  and  purified  by  double  cesium  gradient  ultracentrifugation.  The 
viral  particles  were  measured  by  optical  absorbance  at  260  nm,  and  the  plaque-forming 
units  (pfu)  were  determined  by  standard  agarose-overlay  plaque  assay  on  293  cells.  The 
genome  lengths  of  Ad.Flk-1  and  Ad.Flk-Endo  are  97%  and  99%  of  wild-type  Ad5, 
respectively. 

Cells  and  Viruses 

Hep3B,  A549  and  293  cell  lines  were  obtained  from  American  Type  Culture  Collection. 
The  cells  were  cultured  in  DMEM  medium  supplemented  with  10%  FBS,  0.2  mM 
glutamine,  and  penicillin/streptomycin.  In  addition,  Hep3B  medium  was  supplemented 
with  1  mM  sodium  pyruvate.  HUVECs  were  isolated  from  umbilical  cords  (Institutional 
Review  Board-approved  cord  blood  program)  by  collagenase  type  IV  (Sigma-Aldrich 
Inc.,  St  Louis,  MO)  perfusion  (0.2%  in  Hanks'  balanced  salt  solution)  for  20  minutes  at 
room  temperature.  The  cells  then  were  cultured  in  EGM-2  medium  (Clonetics 
Corporation,  Walkersville,  MD).  The  El -deleted  3-gal  virus  was  produced  in  our  vector 
core  laboratory  by  co-transfecting  pCMV-lacZ  shuttle  plasmid  with  pBHGlO  backbone 
plasmid  as  described  above. 


RT-PCR 

RNA  was  isolated  from  cultured  cells  using  RNeasy  Mini  Kit  (Qiagen).  RT-PCR  was 
performed  with  OneStep  RT-PCR  kit  (Qiagen)  using  0.6  pg  template  total  RNA  and 


19 


specific  primers  for  Flk-1  and  endoglin  cDNA.  Specific  primers  for  G3PDH 
housekeeping  gene  were  included  in  each  reaction  as  a  positive  control.  The  samples 
were  run  on  a  1%  agarose  gel  and  photographed. 

In  Vitro  Replication  Assay 

2xl05  cells/well  were  plated  on  6-well  dishes  24  hours  before  infection.  Cells  were 
infected  with  2x107  pfu/ml  (HUVEC),  2x106  pfu/ml  (A549)  or  2x105  pfu/ml  (Hep3B)  of 
virus  in  1  ml  serum-free  medium.  After  a  2  hour  incubation  at  37°C,  cells  were  washed 
once  with  prewarmed  PBS  and  2  ml  complete  medium  was  added  to  each  well.  After  an 
additional  48  hours,  the  cells  were  scraped  into  the  culture  medium,  and  lysed  by  three 
freeze-thaw  cycles.  The  lysate  was  centrifuged  at  3000  rpm  for  5  minutes  and  the 
supernatant  was  analyzed  for  virus  production  by  duplicate  plaque  assay  on  293  cells. 

Trypan  Blue  Exclusion  Assay 

5x1 04  cells/well  were  plated  on  24-well  plates  24  hours  before  infection  and  infected  as 
described  above.  48  hours  or  72  hours  later  the  medium  was  removed  and  attached  cells 
were  detached  by  trypsin.  The  cells  were  stained  with  trypan  blue  and  live  cells  were 
counted  using  a  hemacytometer. 


In  Vitro  Angiogenesis  Assay 

Matrigel  basement  matrix  (Becton  Dickinson,  Bedford,  MA)  was  diluted  1:2  in  cold 
DMEM  medium.  200  pi  diluted  Matrigel  was  plated  into  24-well  plates  and  allowed  to 
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gel  for  30  minutes  at  37°C  before  cell  seeding.  HUVECs  were  plated  on  6-well  plates  at  a 
density  of  2xl05  cells/well  24  hours  before  infection  and  infected  at  a  concentration  of 
2xl08  pfu/ml  as  described  above.  24  hours  after  infection  the  cells  were  collected  with 
trypsin/EDTA,  resuspended  in  EGM-2  medium  and  plated  at  a  density  of  5x1 04  cells/well 
on  24-well  plates  precoated  with  Matrigel  as  described  above.  After  24  hours  incubation 
the  plates  were  photographed  and  quantitated.  Capillary  tubes  were  defined  as  cellular 
extensions  linking  cell  masses  or  branch  points. 
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FIGURE  LEGENDS 


Fig  1.  A  schematic  representation  of  Ad.Flk-1  and  Ad.Flk-Endo.  Numbers  above  the 
drawings  indicate  positions  in  adenovirus  5  sequence.  Numbers  inside  the  boxes  indicate 
sizes  of  the  regulatory  elements.  Both  viruses  harbor  a  deletion  of  the  endogenous  El  A 
promoter  and  the  E3  region,  indicated  by  hatched  boxes.  Flk-1  E  =  Flk-1  enhancer,  Flk-1 
P  =  Flk-1  promoter,  Endoglin  P  =  endoglin  promoter. 

Fig  2.  RT-PCR  analysis  of  Flk-1  and  Endoglin  expression  on  HUVECs,  A549s  and 
Hep3Bs.  RT-PCRs  were  performed  using  0.6  pg  template  RNA  from  cultured  cells  and 
specific  primers  for  Flk-1  and  endoglin  cDNA.  Specific  primers  for  G3PDH 
housekeeping  gene  were  included  in  each  reaction  as  a  positive  control.  Arrows  indicate 
the  500  bp,  410  bp  and  109  bp  amplified  products  of  Flk-1,  endoglin  and  G3PDH, 
respectively. 

Fig  3.  Viral  replication  of  Ad.Flk-1,  Ad.Flk-Endo  and  wild-type  virus  in  Flk-1 /endoglin 
positive  (HUVEC)  and  negative  (A549  and  Hep3B)  human  cells.  Monolayers  in  6-well 
plates  were  infected  at  a  concentration  of  2xl07  pfu/ml  (HUVEC),  2xl06  pfu/ml  (A549) 
or  2x1 05  pfu/ml  (Hep3B).  Viral  titers  were  assessed  by  plaque  assay  on  293  cells. 
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Fig  4.  Cytotoxicity  of  Ad.Flk-1  and  Ad.Flk-Endo.  Monolayers  in  24-well  plates  were 
infected  at  a  concentration  of  2xl07  pfu/ml  (HUVEC  and  A549)  or  2xl05  pfu/ml 
(Hep3B).  Cells  infected  with  wild-type  and  El -deleted  (3-gal  viruses  and  uninfected  cells 
were  used  controls.  48  hours  or  72  hours  later  cells  were  stained  with  trypan  blue  and  live 
cells  were  counted.  *  p<0.05,  **  p<0.01 

Fig  5.  Cytopathic  effects  associated  with  Ad.Flk-1  and  Ad.Flk-Endo  infection.  Hep3B 
and  E1UVEC  monolayers  in  24-well  plates  were  infected  with  Ad.Flk-1,  Ad.Flk-Endo  and 
wild-type  virus  at  a  concentration  of  2x1 08  pfu/ml  (HUVEC)  or  2xl05  pfu/ml  (Hep3B). 
48  hours  later  the  cells  were  photographed. 

Fig  6.  The  effect  of  Ad.Flk-1  and  Ad.Flk-Endo  infection  on  HUVEC  differentiation  into 
capillary-like  structures.  HUVEC  monolayers  on  6-well  plates  were  infected  with 
Ad.Flk-1,  Ad.Flk-Endo,  wild-type  and  El -deleted  (3-gal  virus  at  a  concentration  of  2x1 08 
pfu/ml.  24  hours  later  the  infected  cells  and  uninfected  controls  were  seeded  on  Matrigel 
and  the  spontaneous  formation  of  capillary  tubes  was  recorded  at  24  hours  after  plating 
and  quantitated  as  described.  *  p<0.05,  **  p<0.01 
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Breast  Cancer”  by  the  Department  of  Defense  (DOD),  USA:  Proposal 
identification  #:  BC981028 

Co-Investigator: 

2002-2004  “Local  Angiogenic  Gene  Therapy  (VEGF)  for  Diabetic  Ulcers”;  NIH 
(NIDDK):  R21  DK60214-01A1 


INVITED  LECTURES  /  PRESS  CONFERENCES: 

Grand  Rounds,  Institute  of  Clinical  Pharmacology  University  of  Bern  12/1999:  "Will  Gene 
Therapy  Enter  a  New  Millennium?" 

Grand  Rounds  Division  of  Gastroenterology,  University  Hospital  of  Geneva  12/1999: 
Gene  Therapy  2000?" 

Medical  Grand  Rounds,  University  Hospital  of  Zurich  1/2000:  "  Gene  Therapy  in  the  New 
Millennium?" 

Press  conference  at  the  Annual  Meeting  of  the  American  Society  of  Gene  Therapy  6/2000: 
"Non-Immune  Based  Gene  Therapy  for  Cancer" 

Annual  Meeting  of  the  American  Society  of  Gene  Therapy  6/2000:  "Antiangiogenic  Gene 
Therapy  for  Cancer" 


PUBLICATIONS: 


Articles: 

1.  B.  Sauter.  R.  Speich,  E.W.  Russi,  W.  Weder,  P.  Vogt,  and  F.  Follath.  Cavernous 
destruction  of  an  upper  lung  lobe  in  a  healthy  young  man.  Chest  1994;  105:1871-72. 
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2.  S.  Krahenbiihl,  B.  Sauter.  H.  Kupferschmidt,  M.  Krause,  P.A.  Wyss,  and  PJ.  Meier. 
Reversible  QT  prolongation  with  torsades  de  pointes  in  a  patient  with  pimozide  intoxication. 
Am  J  Med  Sci  1995;  309(6):  315-316. 

3.  J.  Hafner,  G.  Keusch,  C.  Wahl,  B.  Sauter,  A.  Hurlimann,  F.  von  Weizsacker,  M. 
Krayenbuhl,  K.  Biedermann,  U.  Brunner,  U.  Helfenstein,  and  G.  Burg.  Uremic  small-artery 
disease  with  medial  calcification  and  intimal  hyperplasia  (so-called  calciphylaxis):  A 
complication  of  chronic  renal  failure  and  benefit  from  parathyroidectomy.  J  Am  Acad 
Dermatol  1995;  33:  954-62. 

4.  Y.  Ilan.  B.  Sauter.  N.  Roy  Chowdhury,  B.V.N.  Reddy,  N.R.  Thummala,  G.  Droguett,  A. 
Davidson,  M.  Ott,  M.S.  Horwitz  and  J.  Roy  Chowdhury.  Oral  tolerization  to  adenoviral 
proteins  permits  repeated  adenovirus-mediated  gene  therapy  in  rats  with  pre-existing 
immunity  to  adenoviruses.  Hepatology  1998;  27: 1368-1376. 

5. 1.J.  Fox,  J.  Roy  Chowdhury,  S.S.  Kaufman,  T.C.  Goertzen,  N.  Roy  Chowdhury,  P.I. 
Warkentin,  K.  Dorko,  B.  Sauter.  and  S.C.  Strom.  Treatment  of  the  Crigler-Najjar  syndrome 
type  I  with  hepatocyte  transplantation.  N  Engl  J  Med  1998;  338: 1422-1426. 

6.  A.D.  Min,  R.  Saxena,  S.N.  Thung,  E.O.  Attilasoy,  D.C.  Wolf,  B.  Sauter,  M.E.  Schwartz, 
and  H.C.  Bodenheimer,  Jr.  Outcome  of  hepatitis  C  patients  with  and  without  hepatocellular 
carcinoma  undergoing  liver  transplant.  Am  J  Gastroenterol  1998;  93:  2148-2153. 

7.  Y.  Dan,  S.  Weksler-Zangen,  S.  Ben-Horin,  J.  Diment,  B.  Sauter.  E.  Rabbani,  D. 
Engelhardt,  N.  Roy-Chowdhury,  J.  Roy-Chowdhury,  and  E.  Goldin.  Treatment  of 
experimental  colitis  by  oral  tolerance  induction:  A  central  role  for  suppressor  lymphocytes. 
Am  J  Gastroenterol  2000;  95:  966-973. 

8.  B.  Sauter.  O.  Martinet,  W.-J.  Zhang,  J.  Mandeli,  and  S.L.C.  Woo.  Adenovirus-mediated 
gene  transfer  of  endostatin  in  vivo  results  in  high  level  of  transgene  expression  and 
inhibition  of  tumor  growth  and  metastases.  Proc  Natl  Acad  Sci  2000;  97: 4802-4807 

9. 0.  Martinet,  V.  Ermekova,  J.  Qiao,  B.  Sauter.  J.  Mandeli,  L.  Chen,  S.L.C.  Woo,  and  S.- 
H.  Chen.  Long-term  remission  of  liver  metastases  by  immunomodulatory  gene  therapy  with 
IL-12  and  4-1BB  ligand.  JNatl  Cancer  Inst  2000;  92:  931-936. 

10.  B.  Sauter.  B.  Parashar,  N.  Roy  Chowdhury,  A.  Kadakol,  Y.  Ilan,  H.  Singh,  J.  Milano,  D. 
Strayer,  and  J.  Roy  Chowdhury.  Gene  transfer  to  the  liver  in  vivo  using  replication-deficient 
recombinant  SV40  vectors  results  in  long-term  amelioration  of  jaundice  in  Gunn  rats. 
Submitted  to  Gastroenterology  2000;  119:  1348-1357. 

11.  J.  Qiao,  M.  Doubrovin,  B.  Sauter.  Y.  Huang,  Z.S.  Guo,  J.  Balatoni,  T.  Akhurst,  R.G. 
Blasberg,  J.  Tjuvajev,  S-H.  Chen,  and  S.L.C.  Woo.  Tumor-specific  transcriptional  targeting 
of  suicide  gene  therapy.  Gene  Therapy  2002;  9  (3):  168-175. 

12.  MJ.  Savontaus,  B.  Sauter.  T-G  Huang,  and  S.L.C.  Woo.  Transcriptional  Targeting  of 
Conditionally  Replicating  Adenovirus  to  Dividing  Endothelial  Cells.  Gene  Therapy  in 
press. 

13.  R.  Hutter*,  B.  Sauter*.  MD,  M.  Savontaus,  I.  Chereshnev,,  G.  Bauriedel,  B.  Liideritz,, 
J.T..Fallon,  V.  Fuster,  J.  J.  Badimon.  Caspase-3  and  tissue-factor  expression  in  lipid  rich 
plaque  macrophages:  Evidence  for  apoptosis  as  link  between  inflammation  and 
atherothrombosis.  Submitted  to  Circulation. 

*  equal  contribution 
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Book  Chapters/Reviews: 

1.  B.  Sauter.  N.  Roy  Chowdhury,  and  J.  Roy  Chowdhury.  Bilirubin  Metabolism  and 
Jaundice.  In  Clinical  Practice  of  Gastroenterology  ,  Lawrence  J.  Brandt  (ed.),  Current 
Medicine,  1998. 

2.  Sauter  BY.  Roy  Chowdhury  N,  Roy  Chowdhury  J.  Classification  and  causes  of  jaundice. 
In:  UpToDate  in  Gastroenterology  and  Hepatology,  Rose,  BD  (Ed),  UpToDate,  Wellesley, 
MA,  2000. 

3.  Sauter  B V.  Roy  Chowdhury  N,  Roy  Chowdhury  J.  Bilirubin  metabolism.  In:  UpToDate 
in  Gastroenterology  and  Hepatology,  Rose,  BD  (Ed),  UpToDate,  Wellesley,  MA,  2000. 

4.  Sauter  BY.  Roy  Chowdhury  N,  Roy  Chowdhury  J.  Diagnostic  approach  to  the  patient 
with  jaundice.  In:  UpToDate  in  Gastroenterology  and  Hepatology,  Rose,  BD  (Ed), 
UpToDate,  Wellesley,  MA,  2000. 

5.  Sauter  BY.  Roy  Chowdhury  N,  Roy  Chowdhury  J.  Pathogenesis  of  neonatal 
unconjugated  hyperbilirubinemia.  In:  UpToDate  in  Gastroenterology  and  Hepatology, 

Rose,  BD  (Ed),  UpToDate,  Wellesley,  MA,  2000. 


N.B.:  UpToDate  is  a  CD  ROM  book  aimed  at  the  “intellectually  oriented  subspecialist” 
and  is  more  detailed  than  general  medical  texts.  It  is  updated  three  times  a  year,  and, 
therefore,  it  includes  the  cutting  edge  of  the  current  medical  research  of  a  specific  field. 


6.  N.  Roy  Chowdhury,  B.  Sauter.  and  J.  Roy  Chowdhury.  Bilirubin  metabolism  and 
jaundice.  Published  by  the  American  College  of  Gastroenterology:  “Annual  postgraduate 
and  board  review  course:  Review  of  Gastrointestinal  Structure  and  Function”.  Chicago, 
October  1997. 


Abstracts: 

1.  R.  Caduff,  A.  Giedion,  B.  Sauter.  J.  Briner  and  E.  Martin.  Ein  neuer  Typ  einer  letalen, 
mikromelen  Knochendysplasie  mit  kurzen  Rippen,  defekter  Ossifikation  und 
ungewoehnlicher  Brachyphalangie.  Deutsche  Gesellschaft  Jur  Pathologie,  Juni  1992,  Graz, 
Austria 

2.  B.  Sauter.  M.  Reiner,  and  B.  Lewis.  Exploratory  laparoscopy  for  patients  with  obscure 
gastrointestinal  bleeding.  Gastrointestinal  Endoscopy  1996;  43:4:  434  [Abs.]  and  poster 
presentation  at  the  AGA  (American  Gastroentorological  Association)  Meeting  at  the  DDW 
96  (Digestive  Disease  Week). 

3.  A.D.  Min,  D.C.  Wolf,  B.  Sauter.  E.  Atillasoy,  S.N.  Thung,  M.I.  Fiel,  C.M.  Miller,  and 
H.C.  Bodenheimer.  Characteristics  of  hepatitis  C  patients  undergoing  liver  transplant  with 
and  without  hepatocellular  carcinoma.  Hepatology  1996;  24:4:  346A  [Abs.]  and  poster 
presentation  at  the  AASLD  (American  Association  for  the  Study  of  Liver  Diseases) 
Meeting  96. 

4.  Y.  Dan,  N.  Roy  Chowdhury,  B.  Sauter.  R.  Prakash,  B.V.N.  Reddy,  K.  Sengupta,  A. 
Davidson,  M.S.  Horwitz,  and  J.  Roy  Chowdhury.  Effective  adenovirus-mediated  gene 
therapy  in  the  presence  of  preexisting  anti-adenovirus  antibodies  by  oral  tolerization  of  the 
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host.  Gastroenterology  1997;  112:4:  A1288  [Abs.]  and  oral  presentation  at  the  presidential 
plenary  session  at  the  AASLD  (American  Association  for  the  Study  of  Liver  Diseases) 
Meeting  at  the  DDW  97. 

5.  Y.  Dan.  B.  Sauter.  N.  Roy  Chowdhury,  G.  Droguett,  B.V.N.  Reddy,  A.  Davidson,  M.S. 
Horwitz,  and  J.  Roy  Chowdhury.  Expression  of  adenoviral  E3  gene  products  in  normal  rat 
hepatocytes  prevents  their  rejection  upon  transplantation  into  allogeneic  Gunn  rats. 
Hepatology  1997;  26:4:  251 A  [Abs.]  and  oral  presentation  at  the  AASLD  Meeting  97. 

6.  IJ.  Fox,  J.  Roy  Chowdhury,  S.S.  Kaufman,  N.  Roy  Chowdhury,  V.E.  Kostrubsky, 
B.  Sauter.  and  S.C.  Strom.  Transplantation  of  isolated  allogeneic  hepatocytes  in  a  patient 
with  Crigler-Najjar  syndrome  type  I  resulted  in  excretion  of  bilirubin  glucuronides  in  bile 
and  partial  amelioration  of  hyperbilirubinemia.  Hepatology  1997;  26:4:  176A  [Abs.]  and 
oral  presentation  at  the  plenary  session  of  the  AASLD  Meeting  97. 

7.  Y.  Ilan.  B.  Sauter.  N.  Roy  Chowdhury,  N.R.  Thummala,  A.  Davidson,  M.S.  Horwitz,  and 
J.  Roy  Chowdhury.  Prenatal  tolerization  to  recombinant  adenovirus  permits  long-term 
correction  of  bilirubin  glucuronidation  defect  in  Gunn  rats  by  repeated  adenovirus-mediated 
gene  therapy.  Gastroenterology  1998;  114:  L0261  [Abs.]  Oral  presentation  at  the  AGA 
meeting  5/1998. 

8.  Y.  Dan,  N.  Roy  Chowdhury,  B.  Sauter.  N.R.  Thummala,  A.  Davidson,  M.S.  Horwitz,  J. 
Nakamura,  I  J.  Fox  ,  and  J.  Roy  Chowdhury.  A  critical  role  of  the  liver  in  inducing  oral 
tolerance  to  adenoviral  vectors  for  long-term  gene  therapy.  Gastroenterology  1998;  114: 
L0260  [Abs.]  Poster  presentation  at  the  AGA  meeting  5/1998. 

9.  Y.  Dan,  S.  Weksler-Zangen,  S.  Ben-Horin,  M.  Sestiere,  J.  Diment,  B.  Sauter.  N.  Roy 
Chowdhury,  J.  Roy  Chowdhury,  and  E.  Goldin.  Treatment  of  experimental  colitis  through 
induction  of  oral  tolerance  towards  colitis-extracted  proteins.  Gastroenterology  1998;  114: 
G4100  [Abs.].  Oral  presentation  at  the  AGA  meeting  5/1998. 

10.  Y.  Dan,  B.  Sauter.  N.  Roy  Chowdhury,  A.  Davidson,  M.S.  Horwitz,  and  J.  Roy 
Chowdhury.  Long  term  liver  directed  gene  therapy  by  downregulating  the  anti  adenovirus 
Thl  immune  response.  7.  of  Hepatology  1998;  suppl.  1;  28:  142  [Abs.]  Poster  presentation 
at  the  EASL  (European  Association  for  the  Study  of  the  Liver)  Meeting  4/1998. 

11.  B.  Parashar,  B.  Sauter.  N  Roy  Chowdhury,  A.  Kadakol,  J.  Milano,  D.  Strayer,  and  J. 
Roy  Chowdhury.  Gene  transfer  to  the  liver  in  vivo  using  replication-deficient  recombinant 
SV40  vectors  results  in  long-term  amelioration  of  jaundice  in  Gunn  rats.  Hepatology  1998; 
28: 4:  503 A  [Abs.].  Oral  presentation  at  the  AASLD  11/1998. 

12.  B.  Sauter.  J.  Qiao,  S.-H.  Chen,  A.  Chen,  T.  Yamachika,  S.L.C.  Woo,  M.  Babyatsky,  and 
S.  Itzkowitz.  Suicide  gene  therapy  of  human  colon  cancer  cells:  Enhanced  cell  specificity 
using  an  amplified  carcinoembryonic  antigen  (CEA)  promoter  construct.  Gastroenterology 
1999;  116  (4):  G2180  [Abs.].  Oral  presentation  at  the  DDW  5/1999. 

13.  M.  Babyatsky,  P.  Jiang,  J.  Lin,  T.  Patel,  A.  Chen,  B.  Sauter.  and  S.  Itzkowitz.  Cell 
lineage-specific  expression  of  intestinal  trefoil  factor  in  colon  carcinoma  cell  lines. 
Gatroenterology  1999;  116  (4):  G1638  [Abs.].  Poster  presentation  at  the  DDW  5/1999. 

14.  B.  Parashar,  S.  Ghosh,  A.  Kadakol,  B.  Sauter.  M.  Takahashi,  N.  Roy  Chowdhury,  J. 
Milano,  D.  Strayer  and  J.  Roy  Chowdhury.  Recombinant  simian  vims  40  vectors  integrate 
into  host  genome,  and  permit  efficient,  long-term  and  repeatable  gene  transfer  to  the  liver  in 
vivo.  Hepatology  1999;  30:4:  298A  [Abs.].  Oral  presentation  at  the  AASLD  11/1999. 
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15.  O.  Martinet,  V.  Ermekova.  B.  Sauter.  C.M.  Divino,  S.  L.C.  Woo,  and  S-H.  Chen.  Long¬ 
term  remission  of  pre-established  hepatic  metastases  from  colorectal  cancer  by  in  vivo 
adenoviral-mediated  transfer  of  the  IL-12  and  4- IBB  ligand  genes.  Keystone  Symposium: 
Cellular  Immunity  and  Immunotherapy  of  Cancer;  Poster  and  oral  presentation  1/2000. 

16.  B.  Sauter.  R.  Hutter,  O.  Martinet,  E.D.  Reis,  J.J.  Badimon,  and  S.  L.C.  Woo. 
Adenovirus-mediated  gene  transfer  of  endostatin  reduces  tumor  vasculature  and  changes 
tumor  vessel  composition.  Keystone  Symposium:  Experimental  and  Clinical  Regulation  of 
Angiogenesis;  3/2000. 

17.  R.  Hutter,  B.  Sauter,  E.D.  Reis,  M.  Roque,  V.  Fuster,  S.L.C.  Woo,  and  J.J.  Badimon. 
Effect  of  adenovirus-mediated  endostatin  gene  transfer  on  neointima  formation  in  a  mouse 
model  of  transluminal  arterial  injury.  Keystone  Symposium:  Experimental  and  Clinical 
Regulation  of  Angiogenesis;  3/2000. 

18.  R.  Hutter,  B.  Sauter.  E.  Reis,  M.  Roque,  V.  Fuster,  S.L.C.  Woo,  and  J.  Badimon.  Effect 
of  adenovirus-mediated  endostatin  gene  transfer  on  restenosis  after  mouse  femoral  arterial 
injury.  AHA  (American  Heart  Association)  conference  on  arteriosclerosis,  thrombosis  and 
vascular  biology;  5/2000. 

19.  O.  Martinet,  B.  Sauter.  E.  Reis,  V.  Ermekova,  M.  Gillet,  S.L.C.  Woo,  and  S.H.  Chen. 
Remission  of  liver  metastases  by  immunomodulatory  gene  therapy  with  interleukin- 12  (IL- 
12)  and4-lBB  ligand.  Swiss  Surg  2000;  6  (SI):  11-49.  Oral  presentation:  Annual  Meeting 
of  the  Swiss  Surgical  Society;  Research  Prize  of  the  Swiss  Surgical  Society;  5/2000. 

20.  E.  Reis,  R.  Hutter,  B.  Sauter.  M.  Roque,  O.  Martinet,  L.H.  Hollier,  S.L.C.  Woo,  and  J.J. 
Badimon.  Adenovirus-mediated  endostatin  therapy  alters  cellular  composition  and 
neovascularity  during  neointimal  formation  in  a  mouse  model  of  transluminal  arterial  injury. 
Oral  presentation:  Annual  Meeting  of  the  Swiss  Surgical  Society;  5/2000. 

21.  B.  Sauter.  O.  Martinet,  W.-J.  Zhang,  J.  Mandeli,  and  S.  L.C.  Woo.  Adenovirus- 
mediated  gene  transfer  of  endostatin  in  vivo  results  in  high  level  of  transgene  expression 
and  inhibition  of  tumor  growth  and  metastases.  Molecular  Therapy.  Oral  presentation  at  the 
ASGT  (American  Society  of  Gene  Therapy)  Meeting  6/2000. 

22.  R.  Hutter,  B.  Sauter.  E.  Reis,  M.  Roque,  V.  Fuster,  S.L.C  Woo,  and  J.J.  Badimon. 
Adenovirus-mediated  endostatin  gene  transfer  results  in  high  transgene  expression  and 
adverse  arterial  remodeling  in  a  mouse  model  of  restenosis.  Molecular  Therapy:  Oral 
presentation  at  the  ASGT  Meeting  6/2000. 

23.  O.  Martinet,  B.  Sauter.  V.  Ermekova,  C.  Divino,  S.L.C.  Woo,  S.H.  Chen.  Long-term 
Remission  of  Pre-established  Hepatic  Metastases  from  Colorectal  and  Breast  Cancer  by  In 
Vivo  Adenoviral-mediated  Transfer  of  the  IL-12  and  4-1BB  Ligand  Genes.  Molecular 
Therapy:  Poster  presentation  at  the  ASGT  Meeting  6/2000. 

24.  R.  Hutter,  B.  Sauter,  E.  Reis,  G.  Bauriedel,  B.  Luederitz,  V.  Fuster,  S.  L.  C.  Woo,  J.  J. 
Badimon.  Endostatin  overexpression  induces  features  of  unstable  plaques  in  a  mouse 
model  of  acute  arterial  injury.  Oral  presentation  AHA  Meeting  1 1/2000. 

25.  R.  Hutter,  E.  Reis,  S.  L.C.  Woo,  B.  Sauter.  Endostatin  gene  transfer  inhibits  tumor 
vessel  maturation  proportionally  to  transgene  expression  levels.  Poster  presentation  AHA 
Meeting  1 1/2000. 

26.  R.  Hutter,  V.  Fuster,  J.  J.  Badimon,  B.  Sauter.  Effects  of  VEGF-165  and  endostatin 
overexpression  in  a  mouse  model  of  arterial  injury:  Evidence  for  the  luminal  endothelium  as 
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a  negative  regulator  of  vascular  wall  angiogenesis  and  neointima  formation.  Keystone 
Symposium:  Angiogenesis  in  Cancer  and  Other  Diseases:  From  Genes  to  Function  to 
Therapy;  2/2002. 
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